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Abstract 
Surface plasmon resonance biosensors (SPRBs) are optical devices used for 
rapid, sensitive, label-free and real time monitoring of biochemical events. 
They operate based on change in the refractive index of biomolecular layer 
caused by the reactions between receptor and target biomolecules. A 
conventional SPRB configuration includes a metal thin film which is 
immobilized with the receptor biomolecules and is placed on the base of a 
prism. One of the key issues with the conventional SPRBs is the inadequacy of 
the detection sensitivity and accuracy when interrogating the interactions of 
small molecules in low concentration analyte. To overcome this issue, a 
number of approaches such as gold nanocluster-embedded dielectric film, 
nanoholes and colloidal gold nanoparticles in aqueous solution have been 
investigated. However, these approaches have several disadvantages including 
the lack of precise control over the device geometry, the difficulty of detecting 
the optical properties of nanostructures, and the inadequacy of selectivity of 
gold nanoparticles.  
To improve the detection sensitivity and accuracy, the concept of multilayer 
SPRB configuration is presented in this thesis. Initially, a multilayer SPRB is 
formed by incorporating a layer of graphene sheet on top of the metal thin film 
in the Kretschmann configuration; this biosensor is called G-SPRB. For the 
metal thin film, the role of gold, silver, copper and aluminium in the 
performance of the G-SPRB is investigated. In addition, the significance of 
prism configuration, prism angle and the interface medium is analyzed. Finally, 
the importance of the graphene and the biomolecular layers thickness, and the 
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incident light wavelength are investigated. The performance of the G-SPRB is 
theoretically and numerically assessed in terms of the detection sensitivity, 
detection accuracy, and adsorption efficiency. It is found that the G-SPRB has 
better detection sensitivity and adsorption efficiency. However, it is observed 
that the detection accuracy under the same resonance condition is reduced.   
To improve both the detection sensitivity and accuracy at the same time, the G-
SPRB is modified to produce a second multilayer SPRB by incorporating a 
periodic array of subwavelength grating on top of the layer of graphene sheet; 
this biosensor is called GG-SPRB. The role of the grating geometry including 
volume factor, grating depth, grating angle, grating period, and refractive index 
of biomolecular layer are investigated.  It is found that both the detection 
sensitivity and accuracy are improved in comparison to those of the 
conventional SPRB as well as from the G-SPRB. The improvement is due to 
the establishment of local hot spots in the grating, and the increased reaction 
area generated by the near-field interactions around the nano-sized grating 
structure. 
In addition, a novel detection measurement technique based on the concept of 
S-parameters is proposed in the thesis. The change of magnitude and phase of 
S-parameters are considered as detection indication. With the conventional 
peak-based detection measurement technique, an improvement of the 
sensitivity requires a broadening of the SPR curve. In this case, however, 
identification of the exact location of the resonance peak becomes challenging. 
The proposed S-parameters-based detection measurement (SPDM) tackles this 
shortcoming by considering the detection measurement through the magnitude 
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and phase of S-parameters. With the proposed biosensor designs, both the 
amplitude and phase of S-parameters change rapidly thereby higher sensitivity 
readings are obtained compared to those of the peak-based method.  
The key contributions of this thesis are: (i) introduction of a multilayer G-
SPRB configuration that enhances the detection sensitivity, (ii) introduction of 
a subwavelength grating based multilayer GG-SPRB that enhances both the 
detection sensitivity and accuracy, (iii) investigation of the role of different 
metal thin films in SPR biosensing, (iv) introduction of a S-parameter based 
detection measurement in SPR biosensing, (v) development of a design 
procedure to identify proper design parameters for SPR biosensing, (vi) 
comprehensive finite difference time domain method (FDTD) and finite 
element method (FEM) based simulation of the proposed biosensors, and (vii) 
validation of the simulation outcomes against theory and published results.  
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C H A P T E R  O N E  
1 Introduction 
1.1 Introduction and Outline 
Biosensors are important analytical devices used for point of care diagnostics 
and environmental analysis. They perform three key tasks: (i) recognition, (ii) 
transduction, and (iii) signal processing. Designing a biosensor requires: (i) 
preparation of substrate (platform), (ii) selection of interface between the 
substrate and biomolecules, and (iii) introduction of functional groups to 
immobilize the receptor biomolecules. The key step of designing a biosensor is 
to develop a substrate platform. The substrate is modified to create a 
biomolecular interface. To facilitate the biomolecular interaction with a 
specific target biomolecule, the surface of the biosensor is immobilized with 
the recognition elements strongly attached to the functional groups. The 
recognition element has the binding affinity only to the corresponding target 
biomolecule preventing any unspecific adsorption on the sensor surface. A 
transducer detects the biomolecular interaction and relevant circuitry is used to 
produce a measurable quantity. For example, in a surface plasmon resonance 
biosensor (SPRB), the biomolecular interaction is converted to the refractive 
index (RI) change of the biomolecular layer which causes a measurable 
response (e.g., shift of resonance peak) in the SPRB. Figure 1.1 shows a 
biomolecular layer of receptor molecules are attached to the physical 
transducer. The receptor molecule recognizes a sample analyte (green circle) 
without uniting background molecule (blue square). The device senses the 
interaction between the receptor molecule and the sample analyte. The sensing 
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material and the signal transducer are the two important components of the 
biosensor whose role is to transmit the signal to the processing unit without any 
amplification from a selective compound or from a change in a reaction. A 
successful biosensor should provide the following features: (i) its 
biorecognition element needs to be highly specific to a particular analyte, be 
stable under normal storage conditions, and show good stability over a large 
number of assays, (ii) the reaction between the receptor and target biomolecule 
should be independent of physical parameters such as pH and temperature, (iii) 
a minute and biocompatible probe is inherently required without having any 
toxic or antigenic effects, and (iv) the output response (e.g., electrical, optical, 
etc.) of the biosensor should be accurate, noise free and linear over a wide 
range of analyte detection. In addition, it is an inherent need for the biosensor 
to be cheap, implantable, and easily manageable.  
In recent years, there has been an overwhelming demand in applying high-
sensitive and robust detection methods to biosensing applications. An efficient 
sensing method is essential for the detection and quantification of biological 
parameters. The advancement of nano-photonic technologies has enabled 
exciting possibilities for sensing of very small concentrations of target 
molecules offering better sensitivities than conventional biosensing devices [1]. 
Among the enabling optical biosensing technologies, surface plasmon 
resonance (SPR) has received much attention as a promising candidate in 
medical applications because of its remarkable advantages including high 
sensitivity, direct and rapid analysis, fast separation, spectral tunability, and 
strong enhancement of local electric field [2, 3]. Therefore, this technique is  
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Figure 1.1: Schematic of a biosensor: (a) basic components, and (b) structural 
arrangement. In (b), a molecular layer (black lines) is used to protect the sensor 
against unspecific adsorption: (left) label-free detection, (right) a label (violet 
star) is attached to the sample analyte.  
 
extensively used in many lab-on-a-chip applications including characterizing 
and quantifying biological species (biosensing) [4-6].   
This chapter introduces the fundamentals of SPR technology together with its 
application in biosensing. The performance evaluation parameters in SPR 
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biosensing are explained. Various light wave interacting methods including 
angular and wavelength interrogation are briefly discussed. In addition, the 
goal and objectives, as well as the main contributions of this thesis are 
presented.       
1.2 Fundamentals of Surface Plasmon Resonance  
SPR is an excitation phenomenon of collective free electrons oscillation at a 
metal/dielectric interface. It occurs at a certain incidence angle/wavelength 
when the momentum matching between the incident photon and the surface 
plasmon is achieved. At the resonance incidence angle, the reflected wave is 
completely attenuated producing a sharp dip in the optical spectrum whose 
location is dependent on the RI of the sensing medium [7]. 
The underlying principle of SPR stems from the well-known optical theory 
which states that no light is refracted across the interface above a certain 
incident angle (Figure 1.2). While the light is totally reflected back to the 
medium of higher RI, the electromagnetic field component pierces several 
nanometres distance into a lower RI producing an exponentially extenuating 
evanescent wave. When the interface between the prism and the dielectric 
media is coated with a thin layer of metal (e.g., gold), and while light is p-
polarized, the intensity of the reflected wave will start to decline producing a 
sharp dip at a certain incidence angle. In this phenomenon, transformation of 
resonance energy, which takes place between the evanescent wave and the 
surface plasmons, is influenced by the molecules adsorbed into the metal thin 
film. The surface plasmon polaritons (SPPs) pass around the surface of the 
metal thin film until they decay, either by absorption or radiative transition into 
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a photon. Accordingly, a satisfactory linear relationship is always observed 
between the resonance energy and the mass concentration of biorecognition 
elements including proteins, Deoxyribonucleic acid (DNA) and sugars. 
 
Figure 1.2: Concept of total internal reflection. 
 
The evanescent field has two components of dissimilar energy strength: 
stronger and weaker. The stronger component is originated at the 
metal/dielectric interface while the weaker component is formed at the 
prism/metal interface. Near the resonance angle, the evanescent field 
distribution moves towards higher values. However, the field is affected by the 
target biomolecules that cause a shift in the resonance angle and broaden the 
SPR curve. Since the strength and the decay characteristic as well as the 
distribution of the evanescent field are affected by the operating wavelength, 
polarization and material characteristics (RI of dielectric layer, RI of prism, 
and thickness of metal thin film), the SPR signal becomes sensitive to changes 
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in the vicinity of the surface. The basic arrangement of an SPR system for 
biosensing applications using Kretschmann configuration [8] is shown in 
Figure 1.3. In this configuration, the base of the prism is covered by metal thin 
film (e.g., gold, silver and aluminium) which is subsequently immobilized by 
the receptor biomolecules. The metal thin film is used to support the 
propagation of SPP waves at visible light wavelength.   
 
Figure 1.3: A schematic representation of basic Kretschmann configuration of 
prism coupling showing the SPR principle.  
 
Whilst other biosensor parameters (e.g., thickness of dielectric layer, dielectric 
constant etc.) are kept unchanged, the resonance condition can be produced 
either by tuning the incidence angle (angular interrogation) or the wavelength 
(wavelength interrogation) of the excited light. Therefore, for any particular 
method of resonance modulation, the resonance is modified with any change in 
the environmental conditions.     
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1.2.1 Angular Interrogation 
The angular integration of SPR is the most extensively used method because of 
its low angular resolution. In this method, the incidence angle of the impinged 
light on the device is varied to achieve the resonance if the rest of the 
conditions are maintained constant. The optical parameters are measured as a 
function of the incidence angle. Thus, for any modification of other parameters 
(e.g., effective RI of the biomolecular layer) will require the tuning of the 
incidence angle to reproduce the resonance.  
1.2.2 Wavelength Interrogation 
Wavelength interrogation of SPR produces the resonance where the 
wavelength of the incidence light wave is varied while the other parameters are 
kept fixed. The optical spectrum will therefore consist of reflection or 
transmission characteristics based on the wavelengths applied. Figure 1.4 
shows the spectrum produced by angular interrogation and wavelength 
interrogation methods. 
  
Figure 1.4: Reflection characteristics of SPR spectrum based on (a) angular 
interrogation and (b) wavelength interrogation. 
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1.3 SPR Biosensors 
Among many of the biosensing techniques such as cantilever [9], impedance 
[10] and chemiluminescence [11], the SPR method has gained widespread 
attention due to its fast and high-sensitive real-time sensing capability. SPR is 
an optical sensing technique based on the electromagnetic phenomenon in 
which the SPP waves are used to probe the interactions between the target 
biomolecules and the receptor molecules immobilized on the sensor surface. 
The SPPs are the plasmons which are perpendicularly confined to surfaces and 
strongly interact with light while propagating through the interface between a 
metal and the sensing layer. The study of the behaviour of electromagnetic 
field in the vicinity of the sensor surface is of significant importance in the 
context of the SPR technique. During the sensing operation, the adsorption of 
biomolecules to the receptor molecules will produce a local change in RI at the 
metal-dielectric surface. This RI change will then further affect the propagation 
constant of the SPPs that can be measured by a phenomenon termed attenuated 
total reflection (ATR).  
Most of the optical biosensors (e.g., laser induced fluorescence biosensor) are 
based on the fluorescence labelling which requires a complicated and time 
consuming process to complete the sensing process including the binding of 
fluorescence tags [12, 13]. In addition, fluorescence tagging causes some 
unwanted signals, for example, auto fluorescence [14], which often cause 
sensor cross-sensitivity to non-sample analytes and thereby reduce the 
sensitivity and detection accuracy [15]. To address these problematic issues, a 
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surface-sensitive optical technique employing the SPR is extensively used for 
the detection of biomolecular interactions.  
A SPRB is well-suited for a range of medical applications. It can provide 
multichannel analysis of surface binding events within a small change of 
analyte concentration [16]. In addition, it offers adaptability to modern 
nanotechnology architectures providing ease of miniaturization and enhanced 
device integration. Despite their advantages, SPRBs suffer from low limit of 
detection, cross-sensitivity (structurally similar but unwanted target), and weak 
affinity of receptors [17, 18]. However, several approaches have been proposed 
to circumvent these issues including introducing a second antibody, 
nanoparticle [19]. 
A SPRB consists of a source for a light beam that passes through the coupled 
system (e.g., prism, grating, and waveguide) to excite and integrate the SPP 
waves generated at the metal-dielectric interface (Figure 1.5). As can be seen 
from Figure 1.5, the SPRB  is composed of supporting electronics, sensor data 
acquisition and data processing unit to perform the efficient transduction and to 
generate the encoded SPR signal [20]. The sample analyte containing the target 
biomolecules is allowed to travel over the sensing surface through the flow 
channel. The interaction of the target biomolecules with the biorecognition 
elements (receptor biomolecules) modulates the SPR signal which is detected 
at the optical detection unit (e.g., CCD, PMT) and thereafter is processed to 
produce the sensor output.  
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Figure 1.5: Basic components of a SPRB. 
 
Among the metal thin films including copper, silver and aluminium used to 
coat the base of the prism, gold is usually opted in most SPR devices. Because, 
gold thin film offers better sensitivity, good resistance to oxidation and 
corrosion in harsh environment even with a broadened optical spectrum. To 
determine the optical response of a SPRB, the sensor surface is functionalized 
with specific receptors (e.g., single-stranded DNA (ssDNA)) that recognize 
and bind to the target biomolecules. Biomolecules which are introduced into 
the sample analyte are diffused and captured by the receptor molecules. A TM-
polarized plane wave light of fixed wavelength with various incidence angles 
(or fixed incidence angle with various wavelengths) is launched into the prism 
to find out the optimum coupling condition. The reflected beam is directed to 
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an optical detection system producing a SPR curve. As long as the RI of the 
sample analyte at the metal-dielectric interface changes due to the adsorption 
of biomolecules on the sensor surface, the resonance condition is reobtained by 
changing wavelength/incidence angle. This re-setup of the resonance condition 
results in the deviation of the measurement parameters which confirms the 
binding of the captured target biomolecules. 
A practical example of the response of a SPRB is shown in Figure 1.6. As can 
be seen from the figure, curve 1 presents the condition of total internal 
reflection when a certain portion of the reflected wave penetrates into the 
medium of lower RI. At a certain incidence angle (above critical angle), a 
strong dip called the plasmon angle is produced in the reflectivity plot (curve 
2). The position of the plasmon angle is strongly influenced by the difference 
of the dielectric constants of the following two infinite media: (i) prism and (ii) 
cover medium. For a given system, these values are known and, hence, critical 
angle is fixed. In the absence of the target molecule, the angular position of the 
plasmon dip is measured by the optical constants of prism, the surrounding 
medium, and the type of metal (usually thickness and dielectric constant are 
taken in consideration).  After the adsorption of the target biomolecules on the 
surface of the thin film, the position of the plasmon dip is again measured. The 
plasmon dip is shifted from its original position when recognition element is 
deposited on top of the metal thin film (curve 3). 
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Figure 1.6: Reflectivity versus angle of incidence curve for gold coated 
material to show the shift in SPR angle. 
 
1.3.1 Performance Parameters of SPRB  
To determine the performance of a biosensor, a set of standard performance 
characteristics are used. The main performance evaluation parameters of 
SPRBs include: (i) sensitivity, (ii) adsorption efficiency, (iii) selectivity, (iv) 
settling time, (v) signal to noise ratio (SNR), (vi) limit of detection, (vii) 
resolution, (viii) precision and (ix) repeatability. All these parameters should 
be as high as possible except for the limit of detection and the settling time 
which need to be as low as possible. 
1.3.1.1 Sensitivity 
Sensitivity of a biosensor is defined as the ratio of the sensor output (e.g., 
intensity change) to the change in the measurand (e.g., concentration of target 
biomolecule). This corresponds to how much the relative characteristics of the 
sensor shifts upon the adsorption of the target biomolecules to the receptors 
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immobilized onto the sensing surface.  In most of the SPRB designs, sensitivity 
is measured by the amount of shift of the resonance angle. Accordingly, the 
sensitivity is influenced by two factors: (i) sensitivity to RI changes resulted 
from the attachment of target molecules on the sensor surface which depends 
on the modulation method and the excitation method of SPP waves, and (ii) the 
adsorption efficiency which indicates the amount of analyte concentration that 
takes part to convert the effective RI of biomolecular layer. The sensitivity of 
SPRBs depends on a number of factors including their geometry, coated 
materials, target biomolecule as well as characteristics of the fluidic 
environment. 
1.3.1.2 Adsorption Efficiency 
Adsorption efficiency implies how the target biomolecules influence the RI 
change. It is a measure of the amount of the biomolecules in the sample analyte 
effectively taking part in altering the RI. It is independent of modulation and 
excitation methods but depends on the conjugation affinity between the 
biomolecules, and hence entirely on the functionalization schemes. Since it 
contributes to the RI change, increasing the adsorption efficiency (e.g., using 
better biorecognition elements) enhances the sensitivity. 
1.3.1.3 Selectivity 
Selectivity measures the selectiveness of the SPRB to respond only to the 
specific target molecules under examination. It determines how accurately the 
desired target molecules binds to the receptor molecules in the presence of 
various other molecules of similar characteristics [21]. For example, ssDNA 
immobilized onto the sensor surface should have the binding occurrence to its 
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complementary DNA (cDNA) counterpart only to exhibit the higher 
selectivity. The related parameters affecting the selectivity include the 
geometry of the sensor surface (e.g., smoothness, roughness, planar etc.) and 
the immobilization scheme.  
1.3.1.4 Settling Time 
The time required by the SPRB to produce a stable signal change upon the 
introduction of the sample analyte is defined as the settling time. The settling 
time is entirely dependent on the concentration of the sample analyte (e.g., less 
time required to generate stable signal with higher concentration of the 
analyte), and the diffusion coefficient and association constants. 
1.3.1.5 Signal-to-Noise Ratio 
SNR denotes the ability to detect the true value of the measurand in the 
presence of the background noise and gives an indication of the detection 
accuracy. It compares the strength of the desired signal to the strength of the 
unwanted signal. In SPRBs where the detection is carried out based on the shift 
of the resonance peak, the SNR provides the information on how accurately the 
resonance peak is measured. The sharper the peak, the better the detection 
accuracy and hence the SNR are. 
1.3.1.6 Limit of Detection 
Limit of detection refers to the lowest amount of sample analyte that can be 
reliably detected by a sensor. It is the determination of the smallest 
concentration of the target biomolecules that the sensor can clearly distinguish 
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from its response to a bulk solution (solution containing no target 
biomolecules) [22]. For example, if a sensor has a limit of detection of  
10 femto Molar (fM), it cannot generate any signal in response to the analyte 
that has the concentration below 10 fM.   
1.3.1.7 Resolution 
Resolution corresponds to how finely the response can be read by the sensor. 
Fundamentally, it is determined by the calibration method of the sensor 
meaning that a wider calibration span will give lower resolution and vice versa. 
1.3.1.8 Precision 
Precision refers to the degree to which the repeated measurements agree to 
themselves under same conditions without any reference value. A high 
precision sensor is not necessarily accurate. 
1.3.1.9 Repeatability 
Repeatability of a sensor is defined as the ability to reproduce the same output 
reading when consecutive measurements are taken over a short time interval 
under the same input conditions. 
1.4 Thesis Goal and Tasks 
The primary goal of this thesis is to improve the performance (sensitivity and 
detection accuracy) of SPRB by developing a new design employing a 
multilayer configuration in Kretschmann geometry. The multilayer 
configuration can be employed in reliable design, modelling, and optimisation 
of practical photonic devices for biosensing application. Our first design, G-
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SPRB, provides improved detection sensitivity however, detection accuracy is 
slightly reduced. Therefore, our second proposed solution, multilayer GG-
SPRB, improves both detection sensitivity and accuracy simultaneously.      
 The tasks considered are as follows: 
x To perform a comprehensive literature review to investigate the 
findings of SPR biosensing in improving the sensitivity and detection 
accuracy. 
x To investigate the performance of a conventional SPRB and identify 
the impact of different thin films (e.g., gold, silver, aluminium and 
copper) in the performance of the SPRB.  
x To investigate the applicability of using the properties of impermeable 
and high electronic property of graphene in a multilayer G-SPRB and 
GG-SPRB.      
x To identify the performance parameters (e.g., sensitivity, accuracy, 
adsorption efficiency) for SPRBs.  
x To identify the main and crucial design factors affecting the 
performance of SPRBs. 
x To develop a mathematical model for describing the trend between the 
design parameters and the performance parameters.  
x To introduce a subwavelength grating onto the multilayer G-SPRB and 
GG-SPRB, to investigate the SPR signal modulation resulted from the 
excitation and coupling of bulk SPPs and LSPs in the subwavelength 
grating.  
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x To identify a new sensitive detection measurement parameter, S-
parameter based detection, where the change of magnitudes and phase 
of S-parameters are considered as detection indication. The SPDM 
overcomes the reduced detection accuracy of peak-based detection 
measurement that is resulted because of the broadening of the SPR 
curve in G-SPRB.  
x To investigate the effect of various design parameters on different S-
parameters.  
x To develop an efficient design procedure to identify proper design 
parameters for the multilayer SPR biosensing. 
x To develop numerical models and carry out simulations using the 
FDTD and FEM methods, and then compare the simulation results 
against the theory and published results. 
1.5 Thesis Contributions 
The main contributions of this thesis are as follows:  
1. Carried out a comprehensive literature review 
- A comprehensive literature study is conducted on the existing 
biosensing techniques including the SPR technique. 
- The study is categorized into optical and non-optical detection 
paradigms which stems from the transducing principle. It covers the 
recent trends, developments, and performance analysis relating to 
optical and non-optical biosensors.  
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2. Designed and analysed a conventional SPRB 
- The detection technique is based on the angular interrogation. It is 
validated through numerical modelling and monitoring the 
interactions of biotin-streptavidin. 
- The practical considerations regarding the choice of thin films of 
gold, silver, aluminium and copper are studied. The impact of the 
thickness of the target biomolecules is also investigated. 
- A non-linear relationship between the sensitivity and the thickness 
of the target biomolecules is mathematically established.    
 
3. Introduced a multilayer graphene SPR biosensor (G-SPRB) 
- It includes a layer of graphene sheet on top of the gold layer, and 
the use of different coupling conditions of a laser beam. The 
primary need for the multilayer configuration of the SPR stems 
from inability of the conventional techniques to provide sufficient 
sensitivity in the detection platform. The implemented design uses 
the RI change detection resulting from the biomolecular interactions 
of biotin-streptavidin on the sensing surface and renders enhanced 
sensitivity undertake. It also discusses the binding events of DNA 
hybridization (ssDNA-cDNA).  
- A comprehensive theoretical and numerical assessment in terms of 
sensitivity, adsorption efficiency, and detection accuracy under 
varying conditions, including the thickness of biomolecule layer, 
number of graphene layers and operating wavelength is performed. 
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- An exponential relationship between resonance angle (Tres) and 
angular half-width of the plasmon dip (T1/2) with the operating 
wavelength is mathematically established. 
- The effect of sensitivity along with the spectral width in the SPR 
detection technique is theoretically and mathematically validated. 
- The results of the G-SPRB prove conclusively that its 
implementation is critical to allow the highest quality of 
performance in an efficient manner. 
 
4. Devised a new concept of a subwavelength grating based graphene SPR 
biosensor (GG-SPRB) to improve both the detection sensitivity and 
accuracy concurrently   
- In this new concept, the dielectric nanogratings were created on top 
of the graphene layer. The combination of the gratings along with 
the graphene multilayer SPR system is novel and to our best 
knowledge, no one has reported it yet.    
- Developed a computationally efficient method for GG-SPRB. The 
effect of graphene and dielectric nanograting of the SPRB is shown 
separately. The focus is on the detection sensitivity and accuracy 
improvement by means of introducing the grating structure on the 
multilayer SPR system.  
- Compared with the conventional SPRB, periodic subwavelength 
grating on a graphene layer leads to a large SPR signal 
amplification which is due to the excitations and coupling of bulk 
SPPs and LSPs in the dielectric grating.  
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- The author believes that this novel concept of GG-SPRB to be an 
important step toward the sensitivity and accuracy improvement 
and is the first attempt of this GG-SPR combined structure for the 
multilayer SPRB. 
- Introduced different grating structures including rectangular 
sinusoidal and triangular grating to investigate their effect in the 
performance of the GG-SPRB. 
- A comprehensive optimization analysis which includes volume 
factor (VF), grating depth, grating angle, grating period, RI of the 
target biomolecules is demonstrated whereby one may acquire 
quantitative insights regarding the dependence of the sensitivity 
enhancement factor on the geometrical parameters of the optimized 
GG-SPR structure. 
 
5. Demonstrated an innovative S-parameter based detection measurement 
approach for SPR biosensing 
- In peak-based detection measurement technique, the spectral width 
of the SPR curve broadens with the increase of sensitivity. The 
broadening of the width of the SPR curve makes it difficult to 
identify the exact location of the resonance peak and thus the 
detection accuracy is reduced. But, SPDM overcomes these 
shortcomings by considering the change of magnitudes and phase of 
the S-parameter during the detection measurements.   
- The S-parameters investigations are presented for the variable 
incidence angle. Both magnitude and phase of the S-parameters are 
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taken into account in the detection investigation. The idea of 
involving S-parameters in SPRBs facilitates a new detection 
method.    
- The work presented in this thesis is the first attempt to apply S-
parameters analysis to a multilayer SPRB. The goal is to improve 
sensitivity through measurement of different S-parameters 
including their magnitudes and phase values. 
- The phase based detection method in this multilayer SPR 
biosensing produces more rapid changes compared to the intensity 
change. This rapid changing behaviour of the phase in response to 
the biomolecular interaction thus facilitates a faster detection. To 
our knowledge, this is the first demonstration of the graphene 
multilayer SPRB by the use of phase based detection.   
- A new mathematical formula is derived from the well-known 
Fresnel reflection coefficients for the sensitivity in regards to the 
magnitude and phase change detection of SPDM and is validated 
against the proposed model. 
- Further investigation is carried out to understand the relationship 
between the S-parameters and the thickness of biomolecular layer 
and also the design parameters including the number of graphene 
layers. 
- A comprehensive optimization is carried out to select the optimum 
thickness of the metal thin film in the multilayer SPR structure. 
6. Devised and established mathematical formulas for performance 
parameters for each designs (G-SPRB and GG-SPRB)  
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7. Developed a new design procedure which helps to select the proper 
design parameters for SPR biosensing 
- The design procedure describes different combinations of design 
parameters based on the choices of detection sensitivity and 
detection accuracy.    
- The outcomes of this design procedure highlight the ideal 
functioning condition corresponding to the best design parameters. 
 
8. Validated the simulation outcomes against theory and published results 
- The results of FDTD and FEM-based simulations for the proposed 
multilayer SPR biosensors are compared and then validated against 
theory as well as existing published results. The outcome of the 
simulations well conforms with the results obtained from the theory 
and published results. This validity further confirms that the FDTD 
and FEM-based simulation can be considered as for designing real-
world applications. 
- The assessment and validation of the proposed designs also 
demonstrate that the designs are sound and that the implemented 
techniques can quantify the performance of detection supported by 
the SPR.  
1.6 Thesis Organization 
The thesis is composed of seven chapters including this introductory chapter. 
Chapter 2 presents a comprehensive literature study to identify the research 
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gaps in the existing biosensing technology. Firstly, a survey of different optical 
and non-optical biosensors is performed.  Next, optical and non-optical 
biosensing techniques are categorised into different subdivisions, and the 
important reported realizations within each group are described. The state of 
the art in the recent development of the most advanced SPRBs are reviewed.    
Chapter 3 focuses on the theoretical concepts of the SPR technology. The 
conceptual explanation of the techniques employed to design such devices is 
introduced. This begins with an analysis of the Maxwell’s electromagnetic 
theory, derivation of dispersion relation of surface plasmon, and the theory of 
SPRBs. The analysis also includes the calculation of the Fresnel’s reflection 
coefficient for multilayer SPRBs. In addition, the proposed SPDM is discussed 
along with the derivation of the sensitivity formula for the measurement. The 
discussions of different design parameters with a correlation to the 
performance parameters are mathematically explained. 
Chapter 4 presents design, modelling, simulation, and comprehensive analysis 
of the developed G-SPRB. A detailed investigation of the different design 
parameters is reported, and comparisons are made with the conventional 
SPRB. Besides, a justification of the results is given and verified with the 
theoretical model given in Chapter 3. 
Chapter 5 presents the design, modelling, simulation, and comprehensive 
analysis of the proposed GG-SPRB. The investigation of the design parameters 
are reported and compared with the G-SPRB and the conventional SPRB. The 
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outcomes of the GG-SPRB are verified with the theoretical model given in 
Chapter 3.     
Chapter 6 presents the validation of our modelling and simulation methods 
against theory and reported results. Initially, results of the FDTD and FEM-
based modelling and simulation of the proposed designs are verified against 
theory and published results. Prominently, the effectiveness of the proposed 
multilayer SPRBs along with the SPDM is discussed by highlighting the 
outcomes of the evaluation results.    
Finally, the conclusions and areas of future works are presented in Chapter 7. 
Following the given research contributions, the remaining issues and a number 
of recommendations for future work in this area including possible solutions 
are presented.        
1.7 Summary 
This chapter gave the fundamental principles of the SPRBs and covered the 
main concept of detection discussed throughout the thesis. It started with the 
fundamental concepts of SPR sensing technology along with different 
interrogation methods to excite the surface plasmon. It then discussed a set of 
main performance parameters followed by different measurement techniques in 
the SPR biosensing. In addition, introductions to the objectives as well as the 
main contributions of the thesis were given in this chapter. 
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2 Literature Study 
2.1 Introduction and Outline 
An increasing number of biosensors are being applied to medical diagnostics, 
and numerous methods have been developed for biosensing. These techniques 
can be grouped into two main categories (optical and non-optical) depending 
on the way they measure the detected parameters and the excitation of the 
biosensors. The first biosensor was developed by Clark and Lyons in 1962 [23] 
which is now called the first-generation biosensor. Various biosensing 
platforms based on the use of different receptor molecules [24], immobilization 
techniques [25], and transducer mechanisms [26] have been developed. 
Therefore, there exists different categorization of biosensors in the literature. 
For example, one particular categorization of biosensors is based on their 
detection principle and include optical [27, 28] and non-optical [29, 30] 
groups. 
This chapter presents a review of the recent trends and developments in optical 
and non-optical biosensing techniques, and then focuses on the SPR biosensors 
(SPRBs). This includes design considerations and applications of the optical 
and non-optical biosensing platforms. The chapter first categorizes the existing 
biosensors into two groups and then each group is subcategorized into several 
groups. The definition of each group together with a review of the important 
reported realizations of biosensors associated with the groups are given. 
Furthermore, several emerging detection paradigms which are still in the
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research phase are covered in the chapter.  Also, an analysis of the performance 
of different optical and non-optical biosensing detection methods is described. 
2.2 Classification of Biosensors  
A biosensor is a self-contained integrated device consisting of a 
physiochemical transducer which continues to accelerate the ability to 
characterize complex biological systems and enable the manipulation of 
measurements. It usually contains a molecular recognition system, a transducer 
and an immobilization technique. Biosensors can be classified either in terms 
of their biochemical-conferring mechanism or by the signal transduction form 
or, alternatively both. These further include the sub categorization of 
biosensors. A detailed representation of the classification of biosensor is shown 
in Figure 2.1.     
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Figure 2.1 : Classification of biosensors. 
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Whilst, the figure shows all the possible classifications of biosensors, however, 
in the context of this thesis, we mainly emphasize on the biosensors which are 
grouped based on the transduction phenomena. The transducer component of 
the biosensor transfers the signal from the output domain (biomolecular 
interaction) of the recognition system to some measurable quantities which are 
mostly in optical and non-optical form. In fact, some of the measuring 
characteristics may be common to different types of biosensors although their 
mechanisms are distinct, while others may be more specific to their principles 
of detection. 
2.3 Optical Biosensors  
Optical biosensors can be defined as devices in which the transduction from 
biochemical interaction to the measurable output signal follows by the optical 
principles. The most common principle used in optical biosensors is to 
measures the change of optical characteristics which are modified because of 
the refractive index (RI) change. This RI change is resulted according to the 
type of effect produced by the receptor analyte interaction in the incident 
optical signal. A basic principle of a generalized optical sensing technique is 
shown in Figure 2.2. An optical signal is coupled through a microchannel to 
the analyte containing the target biomolecule. The analyte is allowed to flow 
through an inlet and an outlet. The light passing through the waveguide is 
collected and detected using the appropriate optical detector. Since the 
propagation constant of the optical signal is sensitive to the change of the RI of 
the medium, therefore, the modification of the RI change as resulted from the 
biomolecular binding event produces a detectable shift of the propagation 
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constant, and hence, to other optical characteristics which are quantified at the 
detector.          
The optical detection approach is extensively used in chemical and 
biochemical analysis in microsystems as it allows faster separation while 
delivering as much chemical or morphological information on the species 
being analysed as possible. And soon, it becomes one of the classical 
workhorses in analytical chemistry as well as in many biochemical 
applications. It has an increasing impact on the analytical technology in 
sensing area and can be replaced as an alternative or complement to 
conventional analytical techniques since it avoids complex and time consuming 
detection procedures and offers integrated on-chip as well as remote sensing. 
Thus, it is still the subject of active research [31].   
In this miniaturised approach, the detection issue is even more challenging 
considering all the constraints. The reduced diffusion lengths, planar substrate 
and confined geometries of this method highly rely on the detection 
approaches. The miniaturization of the optical components with the view of an 
integrated miniaturized lab-on-a-chip (LOC) device is an impressive success. 
In addition, it offers parallel detection in an integrated scheme. However, the 
optical detection often suffers at lower pathlengths through the sample which 
reduces the sensitivity. In addition, the high cost and bulky size of the optical 
devices sometimes are incompatible with the concept of LOC. To deal with 
these issues, researchers are always driven by the need to develop 
ultrasensitive detectors by incorporating many optical systems such as 
waveguides, optoelectronic elements, and filters. Although the optical 
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detection is an emerging platform in biosensing applications, only several 
published articles have reviewed this topic. Among these, it appears that 
refernces [27, 28, 32] give a more detailed study of the existing methods. 
However, these papers had been published sometimes ago and thus do not 
cover the most recent reported works in this field. This chapter, however, 
reviews the recent methods combining the recent trends and developments. 
Starting from a discussion on conventional optical phenomena used for 
detection, a comprehensive report of on-chip integrated optical components is 
presented. Also, less common methods for optical detection are also included.  
 
Figure 2.2.  A typical setup for optical biosensing in lab-on-a-chip applications. 
2.3.1 Fluorescence Biosensor 
Fluorescence is one of the most essential analytical and diagnostic methods in 
biotechnology, which is frequently used in biosensing. The principle behind 
the fluorescence technique is the emission of light at different wavelengths. 
Certain molecules (e.g., fluorophore) are capable of being excited, therefore 
absorbing the light energy in a higher energy state (called the exited state). The 
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energy of the exited state cannot be sustained for long time, resulting in the 
emission of light energy. This process is called the fluorescence. In this short 
process, the fluorophor molecule absorbs a photon of radiant energy at a 
particular wavelength and then quickly re-emits the energy at a slightly longer 
wavelength. The technique based on the detection principle of fluorescence is 
an important and valuable tool for studying cellular structure and function, and 
the interactions of molecules in biological systems. Many research works has 
been carried out on this technique for the detection and quantitation of proteins 
and nucleic acids in gel electrophoresis, microarrays, and fluorescence 
spectroscopy [33-36]. 
Fluorescence is treated as the pillar for analysis in many of today’s lab-on-a-
chip devices because of its better selectivity and sensitivity [37]. Compared to 
other techniques, it is an easy and convenient technique as the signal is readily 
separable from the scattered incident light. However, in some cases, auto 
fluorescence photobleaching of fluorophores become a problem which can 
occur when there exist some species in the sample such as molecules, viruses 
cells etc. In addition, tagging non-fluorescent particles is also a hassle which 
needs additional sample preparation. But, it allows lower fluorescence 
background and improves the confidence in the measurement. In addition, 
microlenses and planar waveguides can also be integrated in the LOC device to 
improve the detection sensitivity.   
Cui  et al. [38] presented an experimental work to demonstrate the principle of 
fluorescence and non-fluorescent particle detection within a microchannel. But, 
it failed to detect the particle if they overlapped each other, or if different sized 
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particles arrived in the microchannel, or if the particles were too close to the 
detection fibre end. In their experiment, for the fluorescence particle detection, 
they ended up, increasing the sensitivity of the detection signal requiring that 
source and detection fibres are aligned in the same direction. But, the opposite 
placement resulted in the increase of the background signal so that the noise 
buried the fluorescence emission from the bead. 
Depending on the improvement of the fluorescence detection, it becomes 
possible to identify and isolate genes that contribute to detection of human 
diseases. Therefore, it provides a wide range of applications in genetic testing, 
diagnosis of diseases, and drug development, and offers important information 
about many basic cellular processes as well. Tremendous progress is being 
made in DNA sequencing, purification and cloning, and also in computational 
methods for the analysis of sequences. Zhu and Soper [39] successfully used 
the fluorescence detection for the DNA sequencing and developed a method 
for the labelling of fluorescent dyes. In most of the biotechnology applications, 
fluorophore particles are often used to label antibodies which tag the concerned 
molecules to perceive their presence [40]. In this detection principle, 
illumination from a fluorescence microscope is used and a set of optical filters 
are attached to observe the narrow emission spectra of the fluorescent dye. 
With the fluorescence analysis, the intensity of fluorescence determines the 
concentration of species, the relation of which can be found by the Beer 
Lambert’s law [40].  
Researchers are always motivated to get better results in the detection, while 
examining different dyes. To improve the detection, e.g., by focusing the light 
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in the channel to increase the excitation power for fluorescence measurements, 
microlenses and planar waveguides are integrated in LOC devices. Kuang-
Sheng et al. [41] presented a robust and cost effective method that combines 
micromachining and soft lithography to develop microfluidic devices 
integrated with microlenses. 
Based on the excitation source of the fluorophor particle, fluorescence 
detection is classified as: laser induced fluorescence (LIF) and lamp based 
fluorescence (LAF). A detailed review based on these two approaches will be 
discussed in the following. Apart from these, to minimize the cost of the 
designed system, LED can also be used as the excitation source for 
fluorescence signal.   
a.  Laser Induced Fluorescence Biosensor 
Laser induced fluorescence (LIF) is the optical emission (spectroscopic 
method) from molecules that have been excited to higher energy levels by 
absorption of electromagnetic radiation which is used for studying the structure 
of molecules, detection of selective species, and flow visualization. The 
examined species are excited with a laser light tuned to select a wavelength so 
that the species cover its maximum cross section. After a few milliseconds 
(sometimes nanoseconds), the species get de-excited and emit light of larger 
wavelength than the excitation wavelength. This is the fluorescence light which 
can be measured by arranging the suitable detector (e.g., CCD camera, PMT, 
single-photon avalanche diodes) and is proportional to the intensity of 
excitation energy as well as the concentration of species. 
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LIF is by far the most widely used detection method available for on-chip 
fluorescence detection due to its sensitivity, simplicity and selectivity. 
Presently, it is the first choice for the detection despite its limitations. 
Moreover, device materials and fluorophore adsorption to channel walls also 
sometimes generate enough background fluorescence which might mislead the 
detection of the targeted particles. However, already, Fu et al. [42] developed a 
solution elucidating the reduction of the background signal employing an 
orthogonal optical arrangement. In general, care should be taken for selection 
and purity of sample. More recently, two approaches are extensively taken to 
resolve this problem. Using high numerical aperture and total internal 
reflection fluorescence optics for the excitation can eliminate the background 
fluorescence. In addition, the external optics employed in microfluidic LIF 
systems is often complex. Nevertheless, more materials and protocols need to 
be developed to make this technique more reliable and acceptable. In another 
approach, Poe et al. [43] introduced an in-house built capillary electrophoresis-
LIF instrument which is suitable for all sizes of fluorescent microspheres. They 
obtained an ever better limit of detection (LOD) of 10-21 M. 
The concept of integrated on chip fibre free LIF detection systems was recently 
introduced by Chen et al. [44]  where they used the fluorescence beads yeast 
cells and strain white blood cells to demonstrate the performance of their 
device. After performing a series of experiments, they concluded that the 
device could be employed for the on chip integration. On the other hand, a 
dual-wavelength detection approach for simultaneous LIF detection of 
microparticles using integrated optical fibres and waveguides was presented by 
Hosseinkhannazer et al. [45]. In their designed biochip, an off-chip PMT was 
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used to collect the fluorescence as emitted from the fluorescence polystyrene 
beads. The modulated laser beams from the PMT were then analysed with the 
help of Fourier transform to identify the particular bead type. This technique 
proved to be a versatile platform in a LOC for the detection of multiple 
fluorophores.    
The drawbacks of the fluorescence detection are: (i) fluorescence labelling, and 
(ii) the need to derivatize most analytes prior to analysis. A versatile technique 
for label-free fluorescence detection by employing deep-UV fluorescence is 
recently introduced by Schulze and Belder [46]. The main instrumentation 
setup for their experiment is called the epi-fluorescnece design. The native 
fluorescence is excited by the deep-UV light and the fluorescence of most 
molecules involved by a radiative transition process. A common problem 
encountered in deep-UV native fluorescence detection is the high background 
signal which usually comes from Rayleigh scattering of the excitation light and 
background fluorescence. However, time-resolved fluorescence detection or 
cross polarization method of filtering can be applied to overcome this problem 
which enables the separation of the wanted signal from the background in time 
domain. 
b. Lamp Based Fluorescence Biosensor 
Lamp based fluorescence (LAF) is another widespread approach of excitation 
employed in fluorescence microscopy usually to image biological samples. 
Traditionally, mercury (typically shows the line spectrum of excited mercury) 
or xenon (exhibits the homogeneous emission spectrum) lamps are extensively 
used in the microscope-based set-up, showing some remarkable outcomes in 
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the different analytical problems. In a LOC device, usually broad-band lamps 
are employed as an excitation source. In its operation, the fluorescence lamp 
generates ultraviolet light which then further causes a phosphor to fluoresce for 
producing visible light. In this process fluorescent lamp utilizes the electricity 
which means that it converts electrical power into useful light. The 
fundamental concepts behind this conversion process of electrical power to 
radiant energy are followed by the inelastic scattering of electrons. When an 
incident electron clashes with an atom in the gas, some electrons are released 
(usually called free electrons) from their parent atoms. After gaining the 
sufficient kinetic energy by the free electron, it transfers the energy to the 
nearest electron to make a temporary transition to a higher energy state. As the 
higher energy state is not stable enough, the electron reverts to a more stable 
lower energy level while emitting the ultraviolent photon. These ultraviolent 
photons are then absorbed by the electrons in the atoms of lamp’s fluorescent 
coating, coercing it to jump with the similar energy and again to drop with 
emission of a further photon. The photon emitted from this second interaction 
has a lower energy than the one that cause it. Then, by the selection of suitable 
chemicals (which respond to the ultraviolent energy) in phosphors, it is 
possible to make the emitted photons visible to the human eye. The energy 
acquired by the difference in energy between the absorbed ultra-violet photon 
and the emitted visible light photon conserved to heat up the phosphor coating. 
In the electrical aspects of the operation of a fluorescence lamp, it exhibits 
negative differential resistance meaning that the resistance of the fluorescent 
lamp decreases when current flowing through them increases, which allows 
more current to flow. As a result while connecting it with a constant voltage 
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source, it would rapidly self-destruct due to the uncontrolled current flow. To 
prevent this destruction, an auxiliary device (usually called ballast) is always 
used to regulate the current flow through the tube. 
The LAF excitation method is less expensive, easy to use, simpler to construct 
and more portable comparing with LIF. As compared to other lamps, 
fluorescence lamps use less electric power for the same amount of light, and 
generally last longer. But it is bulky, complex, and expensive in comparison of 
an incandescent lamp. In additions it offers variable excitation wavelengths to 
make it suitable for multi-analyte sensing. In terms of LOD, it is as poor as 3-4 
orders of magnitude lower than LIF. But, it exhibits the most achievable LOD 
(e.g., 8-10 orders higher) in microchip capillary electrophoresis (MCE) due to 
the extremely small sample volume. After the LIF detection, it provides the 
second largest groups of optical detection schemes used for the microchip 
separations. Therefore, LAF is mainly applicable to some confined areas of 
MCE, such as detecting trace and ultra-trace components in biological samples.   
Because of the remarkable properties, LAF detection has gained enormous 
attention and thus a number of articles including some reviews on the LAF 
detection have already been reported [47-52]. Among many of these reported 
articles, Kato et al. [53] used LAF for the detection of subsecond chiral 
separation whereas Natalia et al. [54] used it for the fast separation of amino 
acids in green tea. With a mercury lamp and photon counter in a MCE system, 
a highly sensitive fluorescence detection is reported by Yan et al. [55]. This 
approach can be successfully applied for the separation of three amino acids. 
They showed that it is possible to obtain baseline separation and sensitive 
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detection of FITC-labelled amino acids only by 125 sec and obtained the LOD 
of 9.6 nM (SNR = 3) which ensures the reduction of baseline noise. In their 
work, it is also investigated that the high background signal will significantly 
depress the detection limit which can be surmounted by taking the following 
steps: (i) selecting the optimal detection area, (ii) putting the whole device in a 
black box, (iii) decreasing the intensity of the Hg-lamp, and so on. On the other 
hand, Banerjee et al. [56] used a cross-polarization scheme to filter out 
excitation light from a fluorescent dye emission spectrum. Though they 
obtained a slightly higher LOD (10 nM) than the previously reported work, 
they were able to filter out the excitation light from the halide lamp which is a 
major problem in LAF. Moreover, they projected to potentially improve the 
LOD which could be possible by incorporating colored-glass filters in 
combination to the cross-polarization scheme. On the other hand, if a high 
detection sensitivity is attributed to the photon counting technique to measure 
the weak light intensity, the detection sensitivity can also be greatly improved. 
Thus, due to the lower maintenance and cost as compared with LIF, LAF is 
still increasing its popularity.  
However, the most common problem with LAF is the leakage of excitation 
light into the fluorescence spectrum of the dye used for detection. But, optical 
long-pass filters, coloured-glass filters, or interference filters can be used to 
filter out excitation light and to ameliorate the signal to noise ratio (SNR). But, 
it is not easy to fabricate these filters. Moreover, these filters need to be 
matched to a particular dye and hence cannot be applied for multianalyte 
detection. However, by improving the filtering mechanism, it is still possible to 
completely eradicate the background signal and thus to achieve the lower 
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detection limit. All of these inherent facilities integrated in LAF make it 
simpler.   
2.3.2 Chemiluminescence Biosensor 
Chemiluminescence (CL) is an alternative to fluorescence and most popular for 
on-chip detection. In this technique, a quantitative measurement of the optical 
emission from the excited chemical species is used to determine analyte 
concentration rather than from excited atoms. The excitation energy for 
analytes comes from the chemical reactions and reagents, and thus the 
problems of excitation source are completely avoided. Therefore, the 
background interference is almost eliminated without employing a filter 
system, resulting in a low detection limit. In recent years, it has fascinated 
great interest to the researchers because of its low cost, easy operation, 
selectivity, and simpler instrumentation components. Some works [57, 58] 
have already reported on chemiluminescence detection of analyte separated by 
a microchannel. However, the CL emission suffers from a variety of 
environmental factors such as temperature, ionic strength, solvent, pH, and 
other sorts present in the system. Moreover, a more complex microchip layout 
is usually required as the chemiluminescence reagent needs to be mixed with 
the separated analytes before detection. In addition, strict care has to be always 
taken during the CL measurements, as the CL reaction varies with time and as 
it differs from compound to compound.    
Recently, Myers and Lee [27] reviewed CL focusing mainly on CMOS active 
pixel sensor in a smart card form factor for the chemiluminescence detection. 
In this review, however, we attempt to incorporate all the recent advances for 
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chemiluminescence detection. A CL based approach to measure the 
concentration of nitrite in food is successfully implemented by He et al. [11]. 
They used the CL reaction of luminol with ferricyanide to sense the presence 
of nitrite and claimed the LOD of 4 μgL-1 which was good compared to the 
results obtained by other researchers. The CL reaction was free from any kind 
of electrical interference and thus made it simpler and more accurate to 
manipulate. However, they faced some difficulties when uric acid and vitamin 
C were present in the sample decreasing the CL intensity sharply. Whereas, 
Som-Aum et al. [57] developed a work to determine chromium (III) and total 
chromium using the CL. Instead of using the ferricyanide, they used luminol 
oxidation with hydrogen peroxide followed by an aqueous solution catalyzed 
by chromium (III) in their CL reaction. Their method was excellent as it 
required less than one minute to analysis each sample. But it was applicable 
only in the analysis of river water, mineral waters, drinking waters and tap 
water rather than any other samples. Gao et. al [59] introduced a micro device 
based gas sensor to realize chlorine gas detection by gas–liquid interface 
absorption and CL reaction. The performance of this system was also excellent 
as compared to the previously reported works as the whole sensing cycle from 
sampling to cleaning required only 30s. Though, they obtained a reasonable 
LOD, they projected to improve it by curving convex channel or array channels 
to enlarge gas-liquid contacting area. This microsensor based CL reaction can 
be successfully applied to determine carbon dioxide. Another potential 
application is the determination of hydrazine vapor based on luminal CL. 
Numerous reports have been published on the use of CL for the detection of 
various particles. Recently, Hatakeyama et al. [60] described a novel 
C H A P T E R  T W O  
 
40 
microfluidic device using a thin film transistor (TFT) photosensor integrating 
with a microfluidic channel, a photodetector and a DNA chip platform. They 
used CL based on horse radish peroxidase-conjugated streptavidin for DNA 
detection. Although, they achieved a lower LOD (0.5nM), the assay took 
comparatively long time (less than 1 hour) to complete. However, they 
conceded that the use of CL in DNA-arrayed sensors would be a promising 
approach for developing a miniaturized, disposable DNA chip with high 
sensitivity. 
2.3.3 Optical Spectroscopy Biosensor 
Optical spectroscopy is a label free and highly sensitive luminescent bio-
analyses and cell imaging technique for biospectroscopy for the investigation 
of bacteria, eukaryotic cells, or tissues, and single molecular detection. It has 
been extensively used in the innovation of many lanthanide elements and 
compiles a vital role in lighting devices and light conversion technologies (e.g., 
incandescent lamps, lasers, cathode-ray and plasma displays). In fact, it is a 
less common method for optical detection in microfluidic systems. Although, 
there is no fluorescence tagging hassle in this technique, but it suffers from the 
weak scattered signal. However, because of having some excellent features 
such as less operational costs, wide area of applications make it an attractive 
alternative to the fluorescence label based detection to some extent. To 
enhance the performance, some approaches have been already implemented 
including impedance, Raman scattering, resonance Raman scattering and 
surface enhanced Raman scattering (SERS).   
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Despite the aforementioned advantages, to date, a few attempts are being 
conducted on spectroscopy based detection systems. Among these, a number of 
comprehensive recent review articles on the development of surface enhance 
raman spectroscopy (SERS) detection methods for LOC applications have been 
published [61, 62]. A SERS based approach in vivo cancer imaging using 
pegylated gold nanoparticles is recently implemented by Qian et al. [63]. In 
their experimental analysis, they introduced a novel technique named “spectral 
imaging” which allows chemically identifying the material at each pixel.  
An interesting report to simultaneously detect multiple DNA targets on a single 
array spot is developed by Sun et al. [64]. They introduced a non-fluorescent 
DNA array platform on a gold-coated glass slide for this scheme. This 
approach is treated as a multiple detection tool for comprehensive alternative 
splicing profiling of any kind of genes relevant to any specific cancers. In 
another approach, Yakes et al. [65] developed a cancer protein assay platforms 
based on nano-particle labels which strongly relies on the construction of gold 
nano-particle, Raman enhancer and the extrinsic Raman labels. Whereas, Huh 
et al. [66] successfully implemented an on-chip SERS biomolecular detection. 
Some emerging approaches such as mixing mechanism to boost the reaction 
rate which virtually reduces the analysis time, and the electrokinetic 
concentration technique to diminish the limit of detection, were strongly 
recommended by them. They emphasized particularly on the specificity and 
sensitivity rather than other factors such as complexity and flexibility. 
However, for making a trade-off between these issues, they suggested a 
number of remedies including the gap distance control between the enhancer 
and the reporter and eliminating the SERS background signal by blocking 
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nonspecific binding. Thus, this technology can play a significant role in the 
ongoing efforts to miniaturize biomolecular analysis for pharmaceuticals 
testing and the detection of biological warfare agents.  
2.3.4 Absorbance Based Biosensor 
Absorbance is a popular detection scheme having high efficiency and high 
simplicity. In this optical phenomenon, the attenuation of direct incident 
UV/visible light is measured as a function of wavelength generally using a 
spectrophotometer. The linearity, convenience, wide range of samples 
detected, and the lack of chemical derivitizations for fluorescence tagging of 
absorption technique has made it a well-established detection technique in the 
analytical chemistry as well as in diagnostic laboratories. However, the tiny 
optical path length inherent in miniaturization of fluidic channels directly 
impacts on sensitivity and poses a severe problem for sensitive and reliable 
absorbance measurement, and consequently leads to the difficulty in achieving 
low LOD. But, several interesting approaches have already addressed this 
problem, such as thermal lens effect, planar waveguide, multipass 
configurations, liquid core waveguiding, “slow light” [67, 68], and hollow 
prisms. However, often, more complex capillary geometries like U-cells, Z-
cells, bubble cells or multireflection cells have been implemented to increase 
the optical pathlength at detection point. A comparatively more interesting way 
to overcome this problem that has been recently developed by Llobera et al. 
[69] is by incorporating “air mirrors”. This takes advantage of RI difference 
between the air and PDMS. In addition, to collimate the light, an integrated 
biconvex lens was used and conclusion was made that the inclusion of the air 
mirror significantly reduces the integration time and LOD while increasing 
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SNR and the sensitivity when comparing the single internal reflection 
configurations with and without air mirrors. 
Despite its simplicity and much wider range of sample detection, only a few 
works have been reported on the absorbance based detection systems [70, 71].  
To improve the detection sensitivity, Hahn et al. [72] developed an absorbance 
detection system having ten times larger optical pathlength, lens structures for 
collimating light in the detection cells, and slit structures for preventing 
scattered light from entering detectors. With this components integrated in a 
LOC, it is possible to produce a ten times detection sensitivity. Whereas, 
Steigert and coworkers [73] introduced a completely integrated centrifugal disk 
(CD/DVD) based microfluidic system for fast colorimetric alcohol detection 
from human whole blood employing real-time absorption measurement. They 
used metering, mixing with reagents, and sedimentation of cellular constituents 
to increase the absorbance values and utilized the total internal reflection 
scheme to monitor the increase of the absorbance values in real-time.  
A comprehensive optical detection unit for the chromatographic applications is 
recently reported by Van Overmeire et al. [74]. To investigate LOD of the 
absorbance detection system, they infused samples with different 
concentrations of the coumarin dye dissolved in methanol in the fused silica 
capillary and then measured the corresponding decrease in PMT voltage with 
respect to the signal obtained for pure methanol. The measurement of 
absorbance implied that the measurement of small signal dips in a high signal 
level means that LOD for absorbance will always be higher than the one for 
fluorescence. Moreover, by using light sources, detectors, and integrated 
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waveguides, and employing more sophisticated detection schemes (e.g., 
multiplexed detection), absorbance based detection techniques are still 
establishing themselves as precious competitors and alternatives to the 
ubiquitous fluorescence based methods.  
2.3.5 Surface Plasmon Resonance Biosensor 
SPR is a powerful and widely used biosensing technique which provides rapid 
detection in real-time of surface binding events with improved device 
integration. This technique relies on the RI change which is resulted from the 
biomolecular interaction on the sensing surface. Unlike other detection 
platforms, the SPR approach does not involve any filtering scheme or complex 
arrangement. It offers an impressive limit of detection. A description of the 
SPR approach including the fundamentals, sensing principles and different 
measurement techniques was presented in Chapter 1.  
The SPRBs can be divided into different groups based on their coupling and 
excitation methods. Basically, the optical signal can be coupled to excite the 
SPs in three different forms: (i) prism coupling [75, 76], (ii) grating coupling 
[77-79] and (iii) waveguide coupling [80, 81]. The prism coupling is the most 
common approach to excitation in attenuated total internal reflection (ATR). 
There are two configurations of this prism coupler ATR methods: 
Kretschmann configuration [82] and Otto configuration [83]. On the other 
hand, based on which modulation characteristics of the incident light wave are 
considered to interact with the SPs and thus to generate the required resonance 
condition, the SPR sensor can again be considered as [84]: (i) angular (variable 
incidence angle), (ii) wavelength (variable wavelength), (iii) intensity, (iv) 
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phase and (v) polarization interrogation. In addition, they can again be 
classified according to their layered structure (i.e. geometry) and the 
propagation of SPs. The SPR starts with a three-layer configuration (prism, 
metal and dielectric layer) which is referred to as the conventional form of SPR 
[7]. There are some SPR configurations which consist of more than three layers 
and usually referred to as the multilayer SPR. Furthermore, if the nanostructure 
in the SPR geometry is dielectrically confined in more than one dimension, it 
exhibits non-propagating (localized) excitation which is referred to as the 
localized SPR (LSPR) [85]. The nanostructures are made confined in more 
than one dimension by introducing metallic nanoparticles [86-88] and 
nanogratings [89, 90]. Compared to LSPR, SPR supports a propagating 
plasmon through the material in a particular direction over time; however 
LSPR can be regarded as a sub-group to SPR in general. Apart from these, 
SPRs can be also designed as single channel [91], dual channel [81, 92] and 
multichannel [93, 94].   
Although, there is a number of review papers on SPR biosensing [95-98] but 
most of them do not cover all key existing SPR biosensing techniques. For 
instance, Homola et al. [7] outlined the emerging developments, applications, 
and future prospects of the SPR sensor technology. In another study, Homla et 
al. [99] reviewed the advances of SPR for multi-analyte detection. The recently 
developed multichannel SPR based on the SPR and wavelength division 
multiplexing of sensing channels is covered in their study. Whereas, Mulvaney 
[100] discussed about some chemical effects that affect the optical behavior in 
the measurement of the SPR spectra. In another review, Ince and 
Narayanaswamy [101] discussed the performance analysis of luminescence 
C H A P T E R  T W O  
 
46 
and interferometry techniques in SPR. A comparison of these three techniques 
is included in their study along with the discussion of the physical and 
biochemical properties required for most of the optical biosensors. According 
them, the detection resolution of proteins was similar to that of the 
luminescence technique when SPRs were combined with interferometry. 
Another review by Wolfbeis [102] considers the fibre-optic chemical sensors 
and biosensors. On the other hand, Sharma et al. [98] presented a 
comprehensive review on fibre-optic based SPR techniques only. However, a 
review of other SPR based biosensing methods is absent in both of these 
articles. It appears that none of the reviews on the SPR methods completely 
covers all key SPR techniques and features.       
Among a number of SPR sensing platforms, attenuated total reflection, optical 
waveguide, optical fibre and intensity measurement [80, 103, 104] are capable 
of recognizing biological events on their sensing surface. Patel et al. [105] 
investigated the excitation of the SPR on different metal thin films. Manesse et 
al. [106] used electrochemical impedance spectroscopy and SPR 
simultaneously  to realize the DNA hybridization. They developed Au/SiOx 
surfaces where the SPR was employed to calculate layer thickness and the 
amount of grafted oligonucleotides. Chinowsky et al. [107] developed a 
portable briefcase-style SPR sensor which could simultaneously detect ever 
small molecules, viruses, proteins and bacteria. A simple and rather 
inexpensive multi-channel grating-integrated SPR sensing system was 
developed by Young-Hyun and Young-Ho [108] which practically eliminated 
the expensive and bulky optical components. They were able to successfully 
detect biomolecules and verified that the detection performance was much 
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better than the earlier reported research outcomes. Another nano-grating 
disposable SPR sensor chip for the detection of biomolecular concentration 
was developed by the same group. It has a simple structure and low cost [108]. 
Apart from these SPR sensors, a comprehensive innovation of  the SPR sensors 
with higher sensitivity and wider application range was described in reference 
[109].  
Recently, multilayer SPR configurations have attracted enormous attentions 
due to their improved sensitivity and detection accuracy. A multilayer 
configuration (prism/Cr/Au/Fe/Au/dielectric) to analyse the magnetoplasmonic 
features was implemented by Regatos et al. [110]. They found out that a 
multilayer structure allows modulating the SPP through the application of an 
external magnetic field. In addition, with respect to the intensity-interrogated 
SPRBs, it is possible to obtain twofold improvements of sensitivity.   Another 
multilayer based SPR study concerns the effect of intermediate dielectric films 
in the performance of the SPRB [111]. The configuration is implemented in an 
angular modulated Kretschmann set-up with a fixed operating wavelength of 
543.5 nm. Ten different simple and complex oxides were taken into account 
for this investigation. It is outlined that the intermediate dielectric layer has no 
remarkable effect neither on the resonance angle nor the minimum reflectance 
at the resonance condition. However, some of the intermediate dielectric films 
such as magnesium fluoride, porous silica, titanium oxide affect to decrease the 
width of the SPR curve. Consequently, the plasmon dip becomes sharper which 
boost the SNR. This is quite interesting because, usually the resonance angle 
moves toward left and hence sensitivity is reduced when the width of SPR 
becomes narrower.  
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An improvement of sensitivity in most of the biosensors including SPRBs is 
extremely important. Enhanced detection sensitivity in SPRBs results from 
local hot spots as well as increased reaction area generated by the near-field 
interactions around the nano-sized metallic structures [112, 113]. Additionally, 
the enhancement of sensitivity can be also be attained by improving the 
biointeraction (e.g., adsorption efficiency) itself [114]. Efforts to enhance the 
sensitivity have been possible by means of SPR excitation in a metallic 
nanostructure with many different techniques and geometrical optimization 
including periodic nanograting arrays [19, 115, 116], incorporating the 
graphene sheet on top of gold thin film [117, 118], and phase variation [119]. 
And, intensive research has already been directed toward achieving the goal of 
boosting the sensitivity [117, 120-122]. Among many of these investigations 
for sensitivity improvement, phase detection and colloidal metallic 
nanoparticles have been studied significantly using the optical interferometry 
[19, 123-126]. Phase based detection has recently attracted the attention of 
researchers because of its rapid change in response to the binding events [127].  
The rapid change of the phase of the detected optical signal is due to the 
change of the RI or the thickness of the binding layer on the surface. This 
results in higher detection sensitivity. Phase produces more rapid changes 
compared to intensity which facilitates faster detection. However, it suffers 
from the small dynamic range and providing real-time sensing [120]. On the 
other hand, introducing the colloidal nanoparticle may produce the 
amplification of the SPR signals and thereby can develop the sensitivity by 
more than one order compared to its conventional counterpart [19]. However, 
this method has a flat lying inclination towards the application-specific 
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variations, thus depriving the process of these desirable sensitivity 
characteristics [125]. Among some existing schemes including polarization 
state [128], and Mach–Zehnder interferometry [129], Wu et al.  [123] 
presented the measurement of phase variation based on the heterodyne 
interferometric system. Their attempt was related to the conventional gold thin 
film SPR sensing where the introduction of the heterodyne interferometric 
system in phase variation measurement was new. In another study, Xinglong et 
al. [130] developed a numerical study on a phase based SPRB focusing on the 
understanding of different design parameters on the sensitivity. Although 
several articles have been reported on the phase change detection, the phase 
variation detection of multilayer SPRB involving graphene is not reported.     
2.3.6 Other Detection Methods 
Apart from the detection methods discussed so far, a number of other 
approaches and some existing less important methods were found. However, 
many research groups are always putting their ongoing endeavor on expanding 
the detection possibilities for biosensing applications. Among these, photonic 
crystals (PC) biosensor is a highly sensitive technique for performing label-
free, real-time bimolecular binding analysis leading to a more efficient and 
accurate biological assays. PC biosensors are sensitive to RI change and 
applied for the measurements of RI change resulted from the conjugation of 
target and receptor biomolecules. With the technological advancement, PC 
sensors are improving with their range of applications and suitability. Among 
several PC structures, the photonic crystal fibre usually requires the fluorescent 
tags and also comparatively hard to fabricate in a compact size [131]. In 
another form of PC structure referred to as the planar PC where an array of 
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crystal defects is designed along which the light is guided. This design 
improves sensitivity to the RI changes of the surroundings.   
Recently, a range of PC devices for efficient biosensing has been reported in 
the literature [132-136]. In an earlier study, Skivesen et al. [132] developed a 
PC waveguide biosensor which could detect the protein concentrations of 
around 0.15 μM. The device was able to provide a wide range of RI change as 
well as an improved SNR. The device was realized on a silicon-on-insulator 
wafer and the detection was on a PC waveguide. Their design was superior to 
other approaches (e.g., photonic crystal fibre, bulk PC) in terms of the ultra-
compact design. However, it restricts the usage which requires detecting small 
molecules. In another approach, Guo et al. [137] eliminated this limitation by 
implementing a PC biosensor based on a one-dimensional PC structure in a 
total internal reflection geometry which was able to detect low mass adsorption 
as well as a multilayered molecular interactions. The sensor was capable of 
characterizing molecular binding of a wide range of weights in real-time. 
However, it was suggested that the device could be used to provide 
comprehensive information on non-covalent binding and even on low affinity 
biomolecular interactions by combining PC total internal reflection biosensor 
with the molecular identification method. A theoretical modeling to carry out 
an investigation to achieve higher sensitivity while focusing on material and 
optimizing the device geometry was implemented in [138]. Since the model 
was validated against the most popular RCWA analysis, the design and 
important realization are invaluable for optimization of PC and other optical 
biosensors relying on monitoring the electromagnetic near-fields distribution. 
In addition, this can be further utilized in different applications requiring the 
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fluorescence and nonlinear enhancement. Another important realization and 
investigation was recently reported by Kurt et al. [139], where surface modes 
based PC biosensor configurations were discussed to sense a small change of 
RI. The first attempt which incorporated the surface defects on the PC 
enhanced the sensitivity from 8 to 93 nm/RIU. In the second design with a 
triangular-lattice based PC biosensor, a sensitivity of 117 nm/RIU was 
achieved. In addition, further improvements of sensitivity up to 396 nm/RIU 
were successfully obtained with their final design which combines air slot 
along one side of the triangular-lattice PC. Thus, with the modification of the 
device geometry consecutively, sensitivity from 8 nm/RIU to 396 nm/RIU can 
be possible. Not only that, they projected to have further improvements of the 
sensitivity.                
Although LED-induced fluorescence detection is not as sensitive as LIF, LEDs 
are most attractive excitation sources owing to their less consumed power, 
cheaper cost, and very compact dimensions.  However, LEDs sometimes 
generate a high level of background signal and usually a special filtering 
arrangement (e.g., notch filter) is required. Ren et al. [140] recently developed 
a portable fluorescence detection system in which they used a mask to control 
the emission angle and hence achieved a broader spectrum. A comparison test 
was also made between the LED and laser in terms of their performance and 
cost with this setup. The LOD obtained in this system using the LED as the 
excitation source was 0.21μM which was about 3 orders of magnitude higher 
than that of LIF. The equipment that is normally involved in a LIF setup would 
cost 3 orders of magnitude more than that of the LED excitation system. We 
always have to make a trade-off between performance and cost. However, a 
C H A P T E R  T W O  
 
52 
better LOD can still be obtained with the LED excitation by changing the 
detector (e.g., using PMT detector instead of CCD detector). In addition, LEDs 
are still superior to lasers as they are much cheaper and have a long lifetime 
and thus can still be employed as a disposable excitation source. 
On the other hand, electrochemical (EC) detection is also the most prominent 
and attractive platform because of its high sensitivity, low cost, selectivity and 
easy operation. As compared to LIF which requires fluorescent tagging and 
larger dimension for the instrumental setup, EC can be easily micro-fabricated 
with lesser dimension [141]. Mass spectrometry (MS) is another universal 
label-free method to obtain structural information about the proteomics and 
biological samples with moderate sensitivity. In conjunction with electrospray 
ionization interface [142], MS provides relatively better detection information 
of various polar compounds without cross-contamination. However, it suffers 
from the inconveniences for real applications. Conversely, interferometry [143, 
144] is also another label-free detection technique with relatively high 
sensitivity than MS.  
Apart from these, less commonly employed detection strategies, e.g. infrared, 
nuclear magnetic resonance, thermal lens detection, contactless conductivity 
detection, photoacoustic, CMOS luminescence, and microwave-based 
detection have recently been introduced in references [145-148]. Among these, 
research on photoacoustic detection and CMOS luminescence detection is 
increasing. Furthermore, a recent research has focused on a number of potential 
optical biosensing techniques which includes nanowires [149],  waveguides 
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[150], and microcavity resonators [151, 152], a comprehensive review of all of 
these methods is beyond the scope of this thesis.  
The analytical performance of different optical systems is summarized in Table 
2.1. The columns of the tables are as follows: 
1. Investigators: Presents the list of authors of the work.  
2.  Optical Detection: Lists the optical detection techniques used in the 
work. 
3. Filter Scheme: Gives the name of the filtering scheme used in the work. 
Some of the techniques do not require a filtering arrangement and 
therefore the column corresponding for such techniques are left blank.   
4. LOD: LOD is a performance measurement parameter in biosensor. This 
column presents the value of LOD in the corresponding work which 
essentially a measure of the significance of the proposed techniques.  
Whilst the thesis focuses on the detection sensitivity and accuracy, 
researchers from chemistry discipline emphasized more on LOD. 
However, there is a correlation between sensitivity and LOD. Usually, 
lower LOD indicate the most sensitive detection.    
5. Comments: Describes some features along with the possible advantages 
and disadvantages. Based on this column an important conclusion may 
be drawn among the discussed optical detection methods.       
Table 2.1. Summary of the performance analysis of different optical detection 
techniques.   
Investigators 
Optical 
Detection 
Filter Scheme LOD 
Comments 
 
Fu et al. [42] LIF 510-nm long-pass filter 1.1 pM The most sensitive detection scheme as 
having the lowest LOD among other 
technique. But, it needs fluorescent 
Poe et al. LIF 535DF35 bandpass filter 10-21M 
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[43] tagging. 
Yan et al. 
[55] 
LAF 
Excitation and barrier 
filters ( BP 330–385, 
450–480) 
1.3nM 
It is cost effective, more portable, and 
more flexible in terms of the choice of 
wavelength for multianalyte detection. 
But, it is not as sensitive as LIF and 
needs some complex filtering scheme. 
 
Banerjee et 
al. [56] 
LAF 
Cross polarization based 
filtering 
10 nM 
Kim et al. 
[58] 
CL None 0.05 fM 
It is free from excitation source as well 
as filtering arrangement but affected by 
some environmental factors like 
temperature, solvent, pH etc. 
Hatakeyama 
et al. [60] 
CL None 0.5 nM 
Sun et al. 
[64] 
SERS - 1 fM 
Though LOD obtained is medium, an 
ever larger improvement is possible 
when coupled with resonance Raman 
enhancement but will need some 
especial experimental setup. 
Huh et al. 
[66] 
SERS - 30 pM 
Llobera et 
al. [69] 
Absorbance - 41 nM 
It is simple and has a wide range of 
sample detection but suffers from a very 
poor LOD as compared to others. 
Van 
Overmeire 
et  al. [74] 
Absorbance - 12μM 
Su et al. 
[153] 
SPR - 0.1 pM 
SPR is highly sensitive and direct 
detection platform which avoids the 
filtering scheme in some specific 
applications. This is a method in which 
the sensitivity can be tuned. For 
example, the improvement of the 
sensitivity in DNA hybridization can be 
attributed by employing the polymer 
chair growth along the DNA strands 
which leads rapid RI change. The LOD 
is reasonably low which can be further 
lowered to fM levels with amplification 
[154].  
Berti et al. 
[141] 
EC Centrifugal filter device 0.2nM 
These are less common methods as 
having low LOD but research is still 
going on to achieve the maximum 
benefits from these techniques. Among 
these, SPR and photoacoustic detection 
methods are gaining success rapidly. 
Ren et al. 
[140] 
LED  induced 
fluorescence 
0.25 mm thick short-
pass interference filter 
0.21μM 
Franko 
[146] 
Thermal Lens 
Detection 
- 0.1nM 
Yang et al. 
[147] 
Photoacoustic - 5 μM 
Nunes et al. 
[155] 
PC - 
6 × 10-5 
RIU 
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2.4 Non-optical Biosensors  
The non-optical biosensors require transducers that converts the input signal to 
non-optical parameters, e.g., voltage, current, strain or temperature, and 
relating the measurement to the analyte of interest. The non-optical biosensing 
includes the electrical and mechanical detection. The electrical form of 
biosensor produces the output sensing parameters in electrical form (e.g., 
voltage, current, and capacitance). On the other hand, electrochemical is a 
format of electrical biosensor which is composed of a chemically modified 
electrode as a conducting path. Based on the transducer, the output signal can 
be current, voltage, impedance and so on.  Impedance based and transistor 
based biosensors are the examples of this electrochemical category. In the 
mechanical biosensing, the transducer relies on a mechanical deformation (e.g., 
bending, mass change) to measure the physical change in the bio-conjugation 
event. Cantilever is one of the examples of this mechanical biosensor group.  
Non-optical biosensors often do not require labelling. They can provide fast, 
cheap and highly desirable devices for reinstating the time consuming 
laboratory analysis. In addition, non-optical biosensors can give good detection 
limits with less complicated instrumentation for biochemical sensing. Among 
many of the non-optical biosensors, the impedance biosensors, microcantilever 
biosensors, surface acoustic wave biosensors, field effect transistor biosensors, 
quartz crystal microbalance biosensors and the impedance biosensors are 
emerging. Apart from these, there are also metal oxide semiconductor 
biosensors [156, 157], microcalorimetry biosensors [158, 159], capillary 
electrophoresis biosensors [160] and piezoelectric biosensors [161-163] that 
are less common non-optical biosensors not covered in this thesis. 
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In this section, a study of the emerging non-optical biosensors is presented. 
This includes design considerations and applications of the non-optical 
biosensors.  
2.4.1 Impedance Spectroscopy Biosensing 
Impedance spectroscopy (IS) biosensors capture the impedance variation of the 
recognition element over a wide range of frequencies thus allowing collection 
of significant information from the impedance spectrum. IS biosensors are low 
cost devices and offer label free detection. Among the IS biosensors, capacitive 
biosensors (CBS) have attracted more interest due to their lower limit of 
detection than conductance biosensors. Among many of the published reviews 
about the IS biosensors, Katz and Willner [164] presented a comprehensive 
study on the theoretical analysis as well as the practical applications of such 
biosensors. They characterized the structure and functional operation of 
various kinds of biosensors including immunosensors, DNA sensors (DNA 
sensing, DNA hybridization etc.) and biocatalytic enzyme-based biosensors.  
They employed IS as an electronic readout signal of biosensors accounting for 
cell detection [165], cell counting [166], etc. Yiling et al. [167] developed a 
technique based on the IS to monitor cardiomyocyte adhesion. The excitable 
cell membrane of the cardiomyocyte generates electric noise which affects the 
impedance spectrum of the gold coated electrode in the developed system. A 
frequency sweep technique was used to monitor the impedance changes. In 
another approach, a highly sensitive electrical method for counting of 
immobilized cells in a microfluidic device was demonstrated by Cheng et al. 
[168]. This method utilizes the IS to measure the conductance changes due to 
the ions released from the surface-immobilized cells.  
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Rairigh [169] developed an on-chip compact IS  as a high density sensor array. 
Another on-chip IS biosensor for the detection and identification of bacteria 
was reported by Boehm et al. [170]. Bacteria in suspension are allowed to pass 
through a mico-channel and are readily acknowledged by the antibodies and 
immobilized in the glass surface, thus increasing the impedance within the 
channel. The work was limited in detecting only one type of bacteria at a time 
Capacitive biosensors are impedance sensors which measure capacitance 
variations by transducing the physical parameter in the form of mechanical 
displacement. The capacitance measurement dictates the changes of dielectric 
properties of any sample under inspection. Usually, interdigitated electrodes or 
more commonly potentiostatic methods are employed to determine the 
capacitance value. Comparing to optical biosensors, CBSs are simpler and 
more stable, and have higher resolution. But, sometimes they suffer from 
temperature and humidity and nonlinearity.  
Currently, research is being carried out to detect bioparticles using CBSs. 
Among these, Christine et al. [30] summarized the literature on different types 
of CBSs highlighting some imperative aspects as well as depicting a number of 
existing problems. Within various types of CBSs, capacitive immunosensor 
plays a pivotal role for the detection of biosample but the reproducibility of the 
immunosensor is a common stumbling problem. A reusable capacitive 
immunosensor for carcinoembryonic antigen detection was developed by 
Limbut et al. [171].  This sensor could be reused up to 45 times helping reduce 
the cost of analysis. But, relative standard deviation of the immunosensor was 
lower than 3.4%. Whereas, a better relative 
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standard deviation of 7.1 % with a reusable amperometric capacitive 
immunosensor for carcinoembryonic antigen detection was proposed by Zhang 
et al. [172]. They verified accuracy after performing the determination of 
serum CEA with a LOD of 1.1 ng/mL. But, this approach was limited to 
immunologically-sensitive compounds. Another effort for the detection of 
albumin in human serum was recently performed by Kosin et al. [173]. 
Although, the LOD (8 fM) obtained by them was better than that in reference 
[172], their electrodes were less reusable (30 times) than [171].  Furthermore, 
as compared to self-assembled monolayer (SAM), the proposed method was 
hasty enough because the electropolymerization step took only 8 minutes while 
the SAM formation of alkylthiol needed 12- 24 hours. Davies et al. [174] 
developed a rather  new technology for the diagnosis of breast cancer where 
they monitored the change of capacitance of transepithelial of the ductal 
systems. A nipple electrode was used through which the electrical current was 
flowed and allowed to pass through the nipple to the terminal ducts. Thereafter, 
the impedance measurement was taken over a frequency range of 0.1 Hz - 60 
kHz to identify the breast cancer developed around the ductal epithelium.  
Recently, CMOS based CBS has attracted interest due to the ease of 
miniaturization and automation of biological sensing. Stagni et al. [175] 
introduced a 0.5 μm CMOS where the DNA hybridization took place in a gold 
electrode. This hybridization resulted the variation of capacitance which is 
recognized by an on-chip read-out circuitry. This DNA sensor array was 
capable of detecting any specific DNA hybridization. The CMOS method, 
however, involved one additional step for gold deposition. On the other hand, 
an ever smaller CMOS technology of 0.18 μm for high-precision charge-based 
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sensor was presented by Ghafar-Zadeh et al. [176]. In the CBS, interdigitated 
electrodes and interface circuits including amplifier, integrator and voltage 
buffer were employed. In another approach [177], the same group successfully 
applied the sensor for bacteria growth monitoring while making a comparison 
with the conventional impedometric method.  Some of the potential 
applications and the performances of the IS biosensors are summarized in 
Table 2.2. And, a few important investigations are presented in Table 2.3.  
Table 2.2. Summary of potential applications and performances of IS 
biosensors. 
Impedance Spectroscopy Biosensing 
Applications Advantages Disadvantages 
Skin and breast cancer detection, protein and nucleic acid 
quantification,  point of care diagnostics, DNA 
identification 
Ease of miniaturization, 
low cost, small size and 
flexibility in a wide variety 
of applications 
Suffer to meet the 
necessary speed goals in 
some specific 
application and 
sometimes needs some 
complex algorithm. 
 
2.4.2 Surface Acoustic Wave Biosensing 
Surface acoustic wave (SAW) biosensors are piezoelectric crystals which use 
acoustic wave in a chemical vapors absorbed into chemically selective coatings 
on the sensor surface. The mechanism behind this technique stems from the 
analysis of the change of resonant frequency of the sensor introduced by the 
chemical absorption while passing the acoustic wave through the surface.   
Table 2.3. A summary of the investigations on IS biosensors. 
Investigator Detection Technology Comments 
Cheng et al. [168]  For counting 
immobilized cells 
in a microfluidic 
device 
Uses conductance change 
due to the ions released from 
the surface-immobilized cells 
Achieved a LOD of 20 cells μL-1. 
Claimed as the most sensitive 
detection platform. 
Boehm et al. [170]  Detection and 
identification of 
Impedance change following 
the antibody antigen 
On chip detection but limited to 
detect one bacteria at a time but 
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bacteria interaction on the designed 
sensor surface 
they are investigating multiple 
channel what to simultaneously 
detect multiple bacteria in a 
complex solution. 
Stagni et al. [175]   DNA 
hybridization 
Uses CMOS technology 
where capacitance variations 
are considered within the  
entire system  
On chip detection, but needs an 
additional step for the gold 
deposition on the electrode. And, a 
smaller technology (.18μm MOS 
technology) is already developed 
by Ghafar-Zadeh et al. [176]. 
 
A microcomputer then senses these change and correlates it to the 
corresponding physical quantity being measured to determine the presence and 
concentration of chemical agents. 
Due to their solid state design, SAW biosensors are intrinsically reliable 
devices, which make them extremely versatile. Unlike some optical biosensors, 
SAW biosensors provide wireless operation to monitor the parameters on 
moving objects. In fact, SAW biosensors have exposed their good potential for 
monitoring real time immunoreactions. For instance, love wave biosensors 
[178] devoted itself as the most sensitive detection scheme for liquid sensing. 
Tamarin et al. [179] presented a notable report of love wave sensor based on 
quartz substrate with a SiO2 wave-guiding layer for the direct detection of 
bacteriophage. A similar approach was used by Moll et al. [180] to detect 
Escherichia coli bacteria. In another approach, Kalantar-Zadeh et al. [181] 
developed a love mode SAW immunosensors and used ZnO and SiO2 thin 
films as a guiding layer for this sensing purpose. They monitored and recorded 
the mass sensitivities for these guiding layers and stated that the mass 
sensitivity of the devices with ZnO layer is larger than that of SiO2 guiding 
layers. Kalantar-Zadeh et al. [182] also carried out another investigation for the 
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performance analysis of ZnO/64°-YX LiNbO3 and ZnO/36°-YX LiTaO3 
layered SAW structures and found that the mass sensitivity of ZnO/64° 
LiNbO3 structure was almost 2.5 times larger than that of the ZnO/36° LiTaO3 
structure. 
Tsortos et al. [183] recently introduced a SAW biosensor for analysis of DNA 
through a biotin-neutravidin interaction. The dissipation of acoustic mass 
which was directly related to the viscosity of DNA was used to measure the 
size and shape of the molecules. And, the resolution of the acoustic 
measurements dictates the notable information in discriminating the identical 
DNA at different positions through the chain. The same group also developed a 
new approach based on the QCM-D device, and solution viscosity theory to 
follow up the DNA intrinsic viscosity [184]. This novel theoretical approach 
was supported by the mathematical interpretation and experimental 
verification. A better technique employing the standing surface acoustic waves 
with standard soft lithography for manipulation of microparticles was 
conducted by Shi et al. [185]. This method offers simple and dilution-free 
operation which states the pervasive demand in on-chip biochemical 
applications. On the other hand, a rapid particle concentration based on the 
surface acoustic wave biosensor was recently presented by Zhang et al. [186]. 
This biosensor was fast enough to concentrate the particles in droplet in less 
than 15 s and was reported to be better than the currently available particle 
concentration mechanisms..  
Several important features and investigations of SAW biosensors are 
summarized in Table 2.4 and Table 2.5.      
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Table 2.4. Summary of some potential applications and performances of SAW 
biosensors. 
Surface Acoustic Wave Biosensing 
Applications Advantages Disadvantages 
Skin and breast cancer detection, protein and nucleic 
acid quantification, point of care diagnostics, DNA 
identification. 
Highly reliable devices due 
to their solid state design.  
Very sensitive to the surface 
through which the acoustic 
wave is allowed to transmit, 
therefore the measurement 
can be misguided easily by 
unwanted targets.  
 
Table 2.5. A summary of the investigations on SAW biosensors. 
Investigator Detection Technology Comments 
Tamarin et al. 
[179] 
For detection of 
bacteria/virus 
Love wave biosensors 
based on quartz substrate 
with a SiO2  wave-guiding 
layer 
Sensitivity is not satisfactory as discovered by  
[180]. 
Moll et al. [180] Detection of E. 
Coli bacteria 
Similar approach as 
Tamarin et al. [179] which 
used love biosensors based 
on quartz substrate with a 
SiO2  wave-guiding layer 
  
Unsatisfactory sensitivity  
Shi et al. [185] Manipulation of  
microparticles  
Used the standing surface 
acoustic waves (SSAW) 
On chip manipulation, simple, fast, dilution-
free, applicable to any type of microparticles. 
 
2.4.3 Biosensors Based on Nanostructures 
Over the past decade, nanostructures have fuelled interests in biosensing 
because of their novel and unique properties. The biosensors developed using 
nanoscale materials allow biological detection of very small concentrations of 
target biomolecules while providing much better sensitivity than conventional 
biosensors.  
Already, several technological advancements have been made resulting in 
development of tools and materials needed to construct functional 
nanostructure-based devices. They offer improvements in sensitivity, 
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selectivity, and multiplexing capacity in biosensing. Different types of 
nanostructure based biosensors including carbon nanotube, boron nitride 
nanotube (BNNT), SnO2 nanoparticles, nanowires, and nanogap based 
biosensors have emerged.     
Carbon nanotubes (CNTs) have stimulated great interest as electrodes and as 
transducer components in biosensors due to their interesting electrochemical 
and electrical properties including flexibility of varying the electrical property 
(from metallic to semiconductor), small diameters, high mechanical strength, 
and ease of integration. Wang et al. [187] and Balasubramanian et al. [188] 
focused on the design methodologies, performance characteristics and potential 
applications of CNT-based biosensors, as well as the factors limiting their 
practical use.  It is obvious that many challenges still remain, especially in the 
sensitivity of the nanotube response to environment, and thus to the chosen 
type of raw CNT material, and its functionalization.  
Within this literature study, the author has identified seven different types of 
biosensing techniques using CNT: (i) CNT-FET     (ii) CNT array cantilever, 
(iii) CNT dielectrophoresis, (iv) interdigital capacitor CNT, (v) CNT enhanced 
piezoelectric diaphragm, (vi) CNT impedance biosensor and (vii) 
amperometric detection using CNT forests. A summary of these techniques is 
given in Table 2.6. 
Table 2.6. Summary of different biosensing approaches using CNT. 
Investi
gator 
Technolo
gy 
Descriptions Fabrication Comments 
He et al. 
[189] 
CNT 
Cantilever 
MWCNT is self-assembled 
patterned on the Au monolayer Si 
cantilever to create a larger area 
for biomolecular detection. 
- 
This larger surface area 
enables the detection of 
target with 
comparatively small 
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Functionalization of MWCNT is 
accompanied by carboxylic 
functionalities in 
dicyclohexylcarbodiimide 
solution.                       
Change in resonant frequency as 
a function of the mass binding on 
the CNT surfaces ensures the 
detection of biomolecules. 
sample size. 
Possess excellent 
reliability and 
reproducibility  but not 
recommended for 
sensing applications 
because of the poor 
quality factor. 
Unexpected alignment 
of MWCNT can cause 
error in the detection. 
Cui et al. 
[190] 
CNT 
Cantilever 
Array 
Considered a simple and low cost 
approach for preparing the CNT 
based 3D cantilever arrays. 
Used microlithography  for CNT 
patterning. 
Shielded material is used as a 
sacrificial layer underneath the 
cantilever beam. 
2D patterning 
method, several 
UV lithography 
and  lift-off 
technique  
The CNT is used as the 
beam, strength and 
thickness can be varied 
over a wide range to 
facilitate the desired 
biomolecules. 
It can also be used as 
magnetically driven 
microactuators.    
Xu et al. 
[191] 
CNT 
enhanced 
piezoelectric 
diaphragm 
Used to detect anti-goat IgGs 
 Used CNT forest instead of gold 
nanoparticles to cause micro 
mechanical deformation on the 
piezoelectric diaphragm. 
Resonant frequency and diameter 
change are the two parameters 
used to detect the bioactivity in 
this biosensor which are 
confirmed by the Agilent 
impedance analyzer and AFM 
image respectively.    
CNTs serve as an amplifier to 
boost the sensitivity.  
Standard MEMS 
fabrication 
technology 
High specific area of 
CNTs helps to adsorb 
more target molecules 
resulting in improving 
sensitivity and LOD. 
Almost linear 
relationship is found 
between the frequency 
shift and the 
concentration of Anti-
goat IgGs. 
Stability and accuracy 
of detection may be 
degraded because of the 
damage of electrode 
which can be caused by 
CNT deposition. 
Lee et al. 
[192] 
Interdigital 
capacitors-
based CNT 
biosensors 
Used to detect biotin-streptavidin, 
and DNA hybridization.  
The target biomolecules are 
immobilized on the CNT surface. 
RF equivalent circuit model is 
developed and is compared with 
the actual measurement. 
The change of capacitance 
resulted from the biomolecular 
binding confirms the shift of 
resonant frequency. 
Photolithography 
and lift-off 
techniques 
Provides cost efficient 
and label free detection. 
Great potential for 
wireless remote sensing 
applications. 
Offers simple and direct 
detection mechanism. 
Suehiro et 
al.[193] 
Impedance 
based CNT 
Used as a CNT gas sensor to 
detect E .coli bacteria. 
Fabricated by 
DEP based 
Quantification and 
detection of 107 
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gas biosensor Bacteria are heated in by 
microheater which produces NH2 
gas and is detected by the 
impedance change of the p-type 
CNT gas sensor. 
 
method bacteria cells are 
possible. 
Yu et al. 
[194] 
Amperometric 
detection 
using 
SWCNT 
forests 
Used to detect H2O2 and human 
serum albumin. 
Vertically aligned array of 
SWCNT forests were developed 
on pyrolytic graphite 
surfacesPeroxidase enzymes were 
linked on the nanotube forests for 
the detection purposeResults 
showed an efficient exchange of 
electron transfer between the 
nanotube forests and enzyme 
attached to their ends. 
 
- 
Provides 3.5 times 
improved sensitivity 
when using fresh CNTs 
to assemble the forests. 
By blocking the non-
specific binding, a LOD 
of 75nM is possible. 
Gruner et al 
[195] 
CNT-FET Used to detect various proteins 
and viruses. 
Biosurface is integrated with 
active electronic devices. 
The parameters were investigated 
under the condition when the 
devices are allowed to operate in 
buffer and in dry environment. 
- 
Offers excellent 
sensitivity for the single 
molecule detection. 
Because of the high 
sensitivity it does not 
require the amplification 
before the detection. 
Oh et al. 
[196] 
CNT-FET Used to detect Hepatitis B 
antigen. 
A p-type semiconducting CNT 
was used as a conducting channel 
 
The hepatitis B antibody was 
immobilized on the CNT surface. 
The presence of hepatitis B 
antigen is ensured by measuring 
the conductance with time. 
- 
Provides better response 
time and selectivity. 
The conductance change 
is linear with respect to 
the concentration of the 
antigen in a logarithmic 
plot.  
 
Recently, BNNTs have received some attentions because of their unique 
structure and properties  [197, 198]. Unlike the widely used carbon nanotubes 
(CNTs), the properties of BNNTs are independent of their diameter and layers 
[199] . In addition, the BN structure in BNNT is much more thermally and 
chemically stable than a graphitic carbon structure in CNT. Such properties 
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together with their excellent mechanical properties and thermal conductivity 
make BNNTs as a promising candidate for biosensing applications.   
Recently, Choi et al. [200] implemented a functionalized ZnO nanowire field 
effect transistor (FET) biosensor for the low level detection of biomolecular 
interactions. This biosensor was fabricated without any doping which showed 
feasibility and an enhanced sensitivity compared to other nanowire based 
biosensors. 
2.4.4 Cantilever Biosensor 
Cantilever biosensors (CBs) are nanomechanical devices, relying on their 
deflection to indicate detection. During the detection process, they undergo a 
change in mechanical properties upon the specific binding to biomolecules due 
to a differential surface stress caused by the explicit adsorption on their 
surface. They can measure minute deformations which results either from the 
surface stress, charge release, heat flow, differential expansion, mechanical, 
electric or magnetic forces [201].  Surface stress offers a means for deflection 
which ensures the measurement of physical or biochemical interactions since 
differential adsorption or binding applies expanding intramolecular forces on 
the coated surface causing the cantilever to bend. In fact, in response to any 
chemical, physical or environmental factors, it produces an equivalent 
mechanical motion in the nanometre scale. However, depending on the 
mechanical properties of the device, the sensing (capacitance, piezoresistance 
or resonance frequency) principle varies. Also, based on the parameters used 
for measuring the change, it can be either cantilever bending (deflection mode) 
or shifts in resonant frequency (resonance mode).  
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Knowles et al. [202] developed a microcantilever biosensor for protein 
accumulation where the surface stress generated by the interaction between the 
protein and the beam was used to detect the protein.  Li et al. [203] designed a 
cantilever array with receptor molecules to detect cancer and cardiac markers. 
The ability of high throughput analysis of analytes and ultra-sensitive 
detection, together with the availability of techniques designed to monitor 
bending, CBs are a versatile tool for miniaturized and highly sensitive 
biosensors. A piezoresistive CB platform for using the GST (glutathione-S-
transferase) and GST antibodies for the protein detection was implemented by 
Dauksaite et al. [204]. By means of the thiol groups, the GST antibodies were 
directly immobilized on the gold cantilever surface to manoeuvre as the 
incarcerate molecules for protein detection. When protein comes to an intimate 
with the receptor molecules, a static surface stress is sensed. This enables a 
concurrent deflection measurement with sensor and receptor. With this 
approach, a LOD of 40 nM was declared. Burg et al. [205] demonstrated a 
resonant CB including fabrication and testing. This CB is based on a suspended 
microchannel resonator to eliminate the problem of a limited quality factor 
while offering extremely low LOD. Choudhury [9] reported on a piezoresistive 
microcantilever sensor for chemical and biochemical sensing applications 
based on the surface stress. They described the design, fabrication, 
characterization and testing of this model. While most of the existing 
microcantilevers use p-doped single-crystal silicon piezoresistors, n-doped 
silicon piezoresistors which boost the sensitivity of the device by one order of 
magnitude were used. A microcantilever sensor  based on a polysilicon 
piezoresistive readout with an integrated full Wheatstone bridge was developed 
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by Tuantranont et al. [206]. In principle, the adsorption of biochemical species 
on the functionalized gold surface of the cantilever causes a stress. The 
bending analysis was performed relying on the piezoresistive properties of the 
polysilicon wire encapsulated in the beam. The beam resistor formed a 
Wheatstone bridge configuration where the voltage output of the bridge was 
proportional to the amount of bending in the cantilever. Since, the polysilicon 
wire was a piezorestive material, the stress could be determined by measuring 
the resistance of the polysilicon wire. 
The author developed a cantilever biosensor (Figure 2.3) based on CNT and 
BNNT beams. The bending deformation of the cantilever biosensor was 
investigated based on a single-walled CNT and single-walled BNNT due to a 
bioparticle detection. It is found that the BNNT cantilever had better response 
and sensitivity compared to the CNT counterpart.  
 
Figure 2.3: Schematic drawing of an electrostatically driven CNT/BNNT 
cantilever. A molecular layer (black) and receptor molecules (red) are attached 
to sensing layer. 
2.4.5 Quartz Crystal Microbalance Biosensors 
Quartz crystal microbalance (QCM) is one of the promising types of detectors. 
QCM is a piezoelectric mass-sensing device. QCM is usually gold plated 
which works by sending an electrical signal. The electrical signal is then 
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induces a vibration at a resonant frequency. QCM senses a mass change by 
measuring the frequency of oscillation in the quartz crystal resonator. In order 
for QCM to act as a biosensor, the receptor molecules must be attached to the 
surface of the crystal. The resonance condition is shifted by a small change of 
mass due to oxide growth/decay or film deposition at the surface of the crystal 
resonator. It is useful for monitoring the rate of deposition in thin film 
deposition, determining the affinity of molecules, and interactions between 
biomolecules.  
Although, a significant research has been carried out on the use of QCM as a 
biosensor, there are still many problems that have not been solved. Ogi et al. 
[207] developed a highly sensitive QCM biosensor with a fundamental 
resonance frequency of 170 MHz to detect human immunoglobulin G (hIgG). 
For this purpose, Staphylococcus protein was immobilized non-specifically on 
the naked quartz surfaces. This biosensor provides a better mass sensitivity 
with 3 orders higher magnitude than that of conventional 5 MHz QCM and 
LOD as low as 0.5 pM. In another approach, Yao et al. [208] discussed the 
development of a QCM biosensor where aptamers were used as a bio-
recognition element. They reported a comparison on the performance of 
antibody-based and aptamer-based QCM biosensors and concluded that the 
later has a lower LOD.  
2.4.6 Field-effect Transistor Biosensor 
Label free detection of bioanalytes using field-effect-transistors has attracted 
interests because of its ultrasensitive, low-cost and high-throughput analysis of 
biological processes. This type of biosensing is considered as an alternative 
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detection technology to the  traditional chemical detection schemes with a 
potential for on-chip integration [209]. The FET biosensor is a charged-based 
detection scheme which gives an indication of the presence of biomolecules 
based on their intrinsic characteristics. The technology can be employed in 
various applications including detection of proteins [210] and DNA [211]. 
Among these, DNA detection using a FET structure offers more sensitive 
means as DNA carries negative charge under normal physiological conditions 
while the net charged carried by proteins depends on the pH of the solutions 
and other factors (e.g., ionization of the R groups of the amino-acids) [212].  
Although research on the FET based DNA detection is mainly on single-gate 
FETs, a few attempts [213, 214] have focused on double-gate FETs (DGFETs). 
Nair et al. [215] performed a performance analysis of a FET biosensor in terms 
of incubation time and the analyte density. They focused on the channel 
geometry in terms of cylindrical, planar and spherical shape of the silicon 
nanowire channel to analyse the performance parameters. However, the 
performance parameters can further be improved by employing a DGFET. The 
added advantage of the floating gate in this approach was that the charge in 
solution can be further modulated by applying biasing arrangement to the 
terminal. In addition, the floating gate was assumed to be charged when a 
biomolecule attaches to it. 
In the earlier study, the author demonstrated a DGFET to characterize the DNA 
hybridization. The schematic diagram of the proposed design is shown in 
Figure 2.4. An investigation of sensitivity and SNR was carried out for 
different values of analyte concentration, buffer ion concentration, pH, reaction 
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constant, etc. Sensitivity, which is indicated by the change of drain current, 
increases non-linearly after a specific value (1nM) of analyte concentration and 
decreases non-linearly with buffer ion concentration.  However, sensitivity was 
linearly related to the fluidic gate voltage.  
 
Figure 2.4. Schematic structure of the double-gate FET biosensor with 
receptors functionalized to the surface. (dsDNA corresponds to double-
stranded DNA)  
Furthermore, the investigation on SNR reveals that SNR was improved with 
higher analyte concentrations and receptor densities.Recently, the FET 
biosensors using CNT as their channel materials are becoming more popular 
due their high charge-sensitive characteristics. Table 2.7 presents a summary of 
the CNT-FET based biosensing technique. 
Table 2.7. Summary of CNT-FET biosensors. 
Investigator Detection Descriptions Some concluding remarks 
Clendenin 
et al. [216]  
DNA 
hybridization 
Presents the design and fabrication of an 
aligned SWNT based biosensor. 
ssDNA is integrated with the SWNT. 
The immobilization of DNA on the aligned. 
SWNT is performed using fluorescent 
microscopy. 
Hybridization of complementary and target 
ssDNA nucleotide produces some local charge 
which allowed to pass to the SWNTs and 
readily changed the conductance. 
Stable and well-defined 
interfaces between SWCNT 
and ssDNA enhances the 
sensor’s performance. 
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Conductance change is further amplified 
electronically by the CNT-FET. 
SWCNT-FET is treated as a PMOS transistor. 
So et al. 
[217] 
Escherichia 
coli (E. coli) 
The RNA based E. coli aptamer is selected 
using SELEX process.  
The aptamer is immobilized on the sidewalls of 
CNTs using linking molecules, CDI-Tween.  
The detection of E.coli is identified by 
monitoring the electrical response (e.g., 
current) of the CNT-FET before and after the 
binding of E. coli to E. coli aptamer.  
Aptamer binds to the target 
molecules in a similar fashion 
as the antigen-antibody 
interactions. Conductance 
decrease when react with the E. 
coli. 
 
Allen et al. 
[218] 
Reviews the 
interaction of 
biomolecules 
(e.g., DNA 
hybridization) 
and proteins 
with SWNTs 
Reviews the bimolecular interaction with 
SWNT which also includes the complementary 
techniques (microscopy & 
spectroscopy).Provides the direct electrical 
detection of target molecules using nanowires 
configured CNT-FET. 
Binding of specific charged biomolecules upon 
the receptors linked to the device’s surface 
changes the FET’s conductance. 
Provides considerable 
advantages such as size 
compatibility. 
SWNT is more sensitive as 
atom is on the surface and can 
at room temperature. 
Protein binds strongly on to the 
sidewalls in a helical fashion 
during incubation. 
Abe et al. 
[219] 
Pig serum 
albumin 
Anti-PSA (a-PSA) is used as the antibody. 
The thermal CVD is sued to deposit a silicon 
nitride layer (60nm) on the CNT channel. 
When binding occurs between PSA and a-PSA 
on the CNT wall, it releases the electron and 
changes the conductance and hence the drain 
current. 
Sensitivity is measured by accompanying the 
change of drain current with the analyte 
concentration. 
Detection sensitivity is compared with and 
without a top metal gate.  
Hysteresis is avoided in this 
approach. 
By optimizing the thickness of 
the SiNx insulator and SiO2 
layer,  it is possible to improve 
the sensitivity of the biosensor 
significantly. 
Curreli et 
al. [220] 
Reviews 
DNA 
sequences, 
Cancer 
biomarkers, 
viruses and 
drug 
molecules  
Reviewed the recent literature related to 
nanowire-FET and focuses mainly on the 
performance parameters of the device. 
It also focused other types of nanowires such 
as indium oxide nanowires. 
Other FET structures including enzyme-
modified, cell-based, immunologically 
modified FETs and DNA-modified FETs are 
discussed as well. 
NW production, device dimensionality, and 
active measurement conditions to realize the 
betterment of the device are covered. 
Si-NW usually affected by the 
polarization effects. 
 Produces surface oxide layer 
which can be reduced by using 
hydrosilylation of H–Si in the 
presence of olefin.Indium is 
immune to surface oxide layer 
creation compared to Si.  
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2.5 Discussions 
The motivation of the literature study presented in this chapter is to present an 
insight into the key existing biosensing approaches. There are a number of 
review papers on biosensors [221-225], however most of them are focused 
only on a particular sensing technique. This chapter presented a comprehensive 
study of both optical and non-optical biosensing techniques. Firstly, the 
biosensors were classified into optical and non-optical (based on transducing 
principle).  Then a review of the biosensor implementations in each category 
was given.   
The review of the existing methods presented in this chapter exhibits that the 
suitability and improvement of any particular technique are determined by 
considering the improvement of sensitivity, LOD, SNR, detection accuracy, 
miniaturization, response time and selectivity.  In a particular technique, the 
focus is to improve either the sensitivity, SNR or to propose a simpler 
fabrication method. In addition, faster and direct detection in real-time are also 
important considerations used to distinguish the performance variations 
between different biosensing techniques. 
After describing the literature on different existing research works, we found 
that fluorescence detection is the most popular and widely used optical 
detection technique. In addition, CL and SERS are also valuable analytical 
tools but have a limited area of applications. Moreover, other less common 
methods especially PC and photoacoustic are also providing impressive results 
with improvement of the device integration aspect. However, most of the 
fluorescence biosensors require the fluorescence tagging which is time 
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consuming and declines the confidence in the measurement which occurs 
because of autofluorescence and background fluorescence signal.  
On the other hand, SPRBs are a fast and high sensitive label-free technique for 
real-time sensing applications. A wide range of applications exists because of 
their suitability and ease of detection with improved performance parameters. 
As can be seen in the Table 2.1, Su et al.’s [153] SPR based method produced 
the lowest LOD and thus high sensitivity which are very desirable for 
biosensing applications. In addition, the concentration of the target 
biomolecules can also be precisely quantified by exploiting the binding of 
receptor and target. Apart from its high sensitive detection, the spectral 
tunability along with high throughput makes the method much more attractive 
and popular in biosensing applications. Moreover, the fast response and the 
ability to detect the multi-analytes at the same time for large number of 
analytes together with the real-time detection of biomolecules offer the SPR 
method still the first choice for biosensing applications. Therefore, this 
technique is routinely used for the analysis of bio interactions in many lab-on-
a-chip applications including characterizing and quantifying biological species.       
Most of the non-optical methods provide reagentless or label free sensing 
which reduces the time and cost for real-time monitoring. Although, IS 
biosensors are affected by some environmental factors, they are attractive for 
researchers because of their ease of miniaturization and excellent sensitivity 
down below femto molar. The SAW biosensors provide a wide range of 
analytes identification but are difficult to make them as implantable devices. 
On the other hand, the CBs are highly sensitive and easy for implantation on a 
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portable device. Despite the challenges of CNT biosensors, they offer a good 
solution in terms of sensitivity.  
2.6 Summary 
This chapter presented a comprehensive review on the main existing optical 
and non-optical biosensing techniques. The greatest advantage of most of the 
non-optical detection is that they do not require labeling which reduces the 
time and complexity of detection. Among the existing non-optical biosensing 
methods, the nanostructure based biosensors have enormous potential of future 
developments and are widely studied recently to achieve the higher 
performance. On the other hand, the optical biosensing techniques are 
insensitive to electromagnetic interference and thus produce high sensitivity. 
Additionally, electrical signal is not required during the course of sensing as 
like the non-optical detection techniques. While fluorescence and 
interferometry based detection methods offer comparatively better resolution in 
DNA/protein detection, SPR offers better sensitivity along with the label-free 
detection. In the following chapter, important theoretical aspects of the 
electromagnetic theory of SPR together with the mathematical formulation of 
different performance parameters are presented.  
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3 Theoretical Background 
3.1 Introduction and Outline 
To efficiently design a SPR biosensor, the design parameters need to be 
correctly determined. To specify the design parameters, the theoretical 
concepts relating to the design must be well understood.  Maxwell’s equations 
describe the phenomena of SPR waves and their properties. From the SPR 
waves and their properties, the biosensor design parameters can be inferred. 
This chapter summarizes the important theoretical aspects of the 
electromagnetic theory of SPR. It includes discussion on Maxwell’s 
electromagnetic equations, derivation of SPs dispersion relation, discussion on 
the dispersion curve under various conditions, and finally derivation of 
Fresnel’s reflection coefficients. The main characteristics of SPs along with the 
methods for optical excitation of SPs are presented. In addition, different 
detection measurement methods in SPR biosensors including peak, intensity, 
phase, as well as our proposed S-parameter based detection measurement are 
discussed.  
3.2 Electromagnetic Theory 
The underlying theory of the SPR signal can be explained by the 
electromagnetic coupling of the incident light with the SP of the covering layer 
such as gold. Under certain specific conditions, when the optical beam reaches 
the interface of the metal and dielectric, part of the beam is reflected and part 
of it is transmitted leading to an interaction between the light and the electrons 
in the metal. This interaction generates a collective movement of the nearly
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free electrons of the metal [105]. Ideally, SPs are excited by the incident laser 
beam, and then produce a resonance with the evanescent waves by following a 
certain incidence angle (θres) or wavelength (Ores). These SPs are decayed 
exponentially away from the surface boundary of the metal and dielectric 
layers, called the attenuated total reflectance (ATR). The phenomena of SPR 
can be best described by the well-known Maxwell’s theory. Maxwell’s 
equations represent one of the most concise way to describe fundamentals of 
electromagnetic. There are three different forms of Maxwell’s electromagnetic 
equations: (i) Maxwell’s equation in integral form, (ii) Maxwell’s equation in 
differential form (time-domain), and (iii) Maxwell’s equation in frequency 
domain. Any electromagnetic wave expressions can be expressed in terms of a 
solution to Maxwell's equations.  
3.2.1 Maxwell’s Equation in Integral Form 
Maxwell’s equations in integral form are given as [226, 227]: 
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where, 
E: Electric field (V/m) 
H: Magnetic field intensity/Magnetic field (A/m) 
B: Magnetic flux density (T) 
D: Electric flux density (C/m2) 
Q (V): Net charge within the volume V which includes both free and boundary 
charge (C) 
Qf (V): Net free charge within the volume V (not including boundary charge)  
U: Volume charge density (C/m3) 
Is: Net current along the line (both free current and bound current) (A) 
If: Net free current along the line (not including the bound current) (A) 
Js = Net free current density (both free current and bound current) (A/m2) 
φ : Magnetic flux (Wb) 
P: Magnetic permeability (N/A2) 
H: Electric permittivity (F/m) 
dA: Differential vector element of surface area A with infinitesimally small 
magnitude and direction normal to surface S 
dl: Differential vector element of path length tangential to the path/curve 
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S and Sw : S is for any three dimensional surface and, Sw is along the closed 
surface S 
Cw : Along the boundary of a closed surface (along the closed curve) 
³wC lE d. : Line integral of electric field along the closed boundary ∂C (J/C) 
³wC lB d. : Line integral of magnetic field along the closed boundary ∂C (T-m)
AE³³
wS
d. : Surface integral of electric field through the closed surface ∂S    
AD³³
wS
d. : Surface integral of electric flux density through the closed surface ∂S  
AB³³
wS
.d : Surface integral of magnetic field through the closed surface ∂S      
Equations 3.1 and 3.2 are known as Gauss’s law whereas Equation 3.3 is 
known as Gauss’s law for magnetism. Equation 3.4 represents Maxwell-
Faraday’s law. Equations 3.5 and 3.6 are known as Maxwell-Ampere’s law. 
Equations 3.2 and 3.6 are also called macroscopic equations whereas equations 
3.1, 3.3, 3.4, and 3.5 are called microscopic equations. The microscopic 
equations consider the electric and magnetic field in terms of total charge and 
total current at the atomic level. They are sometimes called the general form of 
Maxwell’s equations in free space. They are most useful for the applications 
where the existences of magnetic and dielectric materials around the region of 
consideration are omitted. Whereas, the macroscopic equations consider the 
free charges and currents. Instead of vacuum, a continuous medium throughout 
the calculation is assumed.    
C H A P T E R  T H R E E  
80 
Faraday's law and the Maxwell-Ampere law are symmetrical around a closed 
path. The line integrals of E and B from Equation 3.4 and Equation 3.5 are 
related to the rate of change of the respective fluxes. Thus, the magnetic and 
electric flux along the surface S can be expressed from Equation 3.1 and 3.3 as:  
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3.2.2 Maxwell’s Equation in Time-domain Differential Form 
Maxwell’s equations in time domain differential form are mathematically 
equivalent to the integral form by the divergence theorem for Gauss’s law and 
by Stokes' theorem for Faraday’s law and Ampere’s law. In fact, these 
equations state all the standard approaches in classical electromagnetism. To 
convert the surface integral to volume integral, the divergence theorem is 
applied to Equations 3.1 and 3.3. To convert the line integral to surface 
integral, Stokes’ theorem is applied to Equations 3.4 and 3.5. Maxwell’s 
equations in time domain differential are gives as [226, 227]:              
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Equations 3.9 and 3.10 are scalar equations while Equations 3.11 and 3.12 are 
vector equations. Equation 3.12 can be re-written as a hyperbolic system of 
first order (in time and space) coupled partial differential equations (PDEs) and 
second order (in time and space) PDEs as follows:        
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3.2.3 Maxwell’s Equation in Frequency-domain Form  
Maxwell’s equations in frequency-domain form are derived from the time-
domain differential form by replacing all the time derivatives with jZ [226]. 
Therefore, Maxwell’s equations in frequency-domain form are obtained as:   
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Similarly, Equation 3.15 can be re-written in frequency-domain form as:  
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Replacing 
c
Z  by k, the Equation 3.20 becomes:   
  
022   EE k       
3.21   
 
The above Equation 3.21 is in a three dimensional form (Ex, Ey and Ez) which 
effectively satisfies the Helmholtz scalar wave equation 022   \\ k .   
3.2.4 Electromagnetic Wave Equation  
The electromagnetic wave equation is a second-order PDE that predicts the 
propagation of electromagnetic energy away from time-varying sources 
(current and charge) in the form of waves. It can be obtained from Maxwell’s 
first order coupled PDEs of electric and magnetic field through uncoupling 
(taking another derivative). The electromagnetic wave equation for a charge 
free homogenous medium can be deduced as:   
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Equation 3.24 is obtained by taking the time derivative of Equation 3.12 in a 
charge free homogenous region (current density, J= 0) and then using Equation 
3.11 and 3.9. Equation 3.24 is known as the three dimensional wave equation 
in electric field. An identical equation for magnetic field B can be also 
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obtained in the similar manner. The properties of electromagnetic wave (e.g., 
field distribution, attenuation, velocity etc.) can be determined by solving this 
equation. However, the plane waves are the simplest form of the three 
dimensional waves which satisfy the following one dimensional wave 
equation:   
2
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t w
w w
w EE
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Therefore, to obtain the plane waves, the position vector needs to be 
perpendicular to a given plane meaning that their scalar product must be zero. 
This implies that (r-rp).k = 0 and r.k = rp.k = constant. Here rp is the position 
vector at any point p on the plane. The generalized one dimensional equation 
that satisfies the wave equation is then: 
   ) (cos0 IZ  r.ktEE       3.26   
 
where, I is the phase and k is the wave vector of propagating wave. The 
magnitude of k gives the wave number: 
kjik zyx kkk        3.27   
O
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3.3 Dispersion Relation of Surface Plasmons 
The electromagnetic field behaviour associated with SPs is well described by 
the solution of Maxwell’s equations on a planar surface between a metal and 
dielectric medium. According to Maxwell’s theory, above the critical angle, the 
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optical electric field has the usual oscillatory lineament of an electromagnetic 
mode which can be obtained from the solution of Maxwell’s plane wave 
equation as: 
 tzkxkj zxe Z 0EE       3.29   
 
where, E0 is the amplitude of the electric field vector. The charge oscillations 
are localized in z-direction and accompanied by a mixed transversal and 
longitudinal electromagnetic field that propagates along the x-direction and 
disappears at _z_ = f (Figure 3.1). As shown in Figure 3.1, the Ez tends to be 
exponential decay for both z>0 and z<0 and has its maximum value at z= 0. 
Since we are considering the propagation of plane polarized waves, the y-
dependence of the electric field is zero. In this case, only TM- waves can be 
applied to excite SPs. We describe the field in the dielectric-metal interface as 
follows: 
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where, dielectric medium is considered as medium 1 and the metal as medium 
2. kx1 and kz1 are the wave vectors in the x-direction and z-direction, 
respectively, for medium 1 and kx2 and kz2 are the wave vectors in the x-
direction and z-direction, respectively, for medium 2. 
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Figure 3.1: Schematic representation of charges and the exponential 
dependence of the electric field: (a) electromagnetic fields of SPs are 
propagating along the x-direction of the metal-dielectric interface, and (b) 
exponential dependence of the field Ez on the distance away from the interface. 
The schematic is shown for TM-polarized wave where Hy shows the magnetic 
field in y-direction of this wave.  
 
These field equations must satisfy Maxwell’s equations together with the 
continuity relations [228]. First, consider the following continuity relations of 
the in-plane components:      
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2121 , yyxx HHEE    3.32   
 
Substituting Equation 3.32 into Equations 3.30 and 3.31 results in the 
following continuity of:   
xxx kkk   21  3.33   
 
Substituting Equations 3.30 and 3.31 into Maxwell’s Equations 3.11 and 3.12 
for a charge free region (Js = 0) gives:  
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using continuity Equation 3.32 to Equations 3.34 and 3.35 yields:  
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To obtain the solution, the determinant of the above two equations has to be 
zero and the resultant equation will then give the dispersion relation. Setting 
the determinant of the above equations to zero, gives:   
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since, 
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This is the dispersion relation of SPs in the SPR system which further confirms 
that SPs can only exist at the interface between the two materials that have the 
dielectric constants of opposite sign (e.g., metal and dielectric interface). 
Further using Equation 3.11, 3.12, 3.33 and 3.35, the wave vector ki can be 
decomposed into the following relation: 
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Combining Equations 3.39 and 3.40, we obtain the dispersion relation in 
another format which is expressed as: 
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If we assume that the dielectric medium is air (H1 = 1) and the medium 2 is a 
metal with _H1_> 1, then kx >Z/c implies that kzi from Equation 3.40 becomes 
complex. The maxima of the fields occurs in the surface z= 0 and declines 
exponentially in both z-directions (i.e., z>0 and z<0) which is the 
characteristics of the SP waves. In the case of Hଶᇱᇱ ൏ _Hଶᇱ _ , we obtain a complex 
kx as:     
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At large kx, Hଶᇱo െ Hଵ and therefore, Z approaches:  
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where Zp is the plasma frequency of metal. The dispersion relation is shown in 
Figure 3.2. In the figure, ksp and kev are the wave vectors of the propagation 
constant of SP and evanescent waves, respectively. HM, HD and HP are the 
dielectric constants of metal, dielectric layer and prism material, respectively.  
From the dispersion curve (Figure 3.2), SP dispersion curve approaches the 
evanescent curve at small kx but becomes asymptotic as kx increases. This 
implies that SPs cannot transform energy into light for large values of kx. 
Further investigations of the dispersion curve reveals that for  any value of k, 
the SP curve at M/P (magenta) does not intersect with the evanescent curve 
(red) with an incidence angle of θ = θATR. However, if the angle of incidence is 
varied up to the maximum value (θ= 900), it just approaches the evanescent 
curve (green) but does not intersect with the evanescent wave for high values 
of k. Whereas, the SP curve at M/D (black) crosses many points on the 
evanescent curve for different sets of angle of incidence and frequency. This 
observation implies that, although matching of ksp and kev may be obtained at 
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M/D interface under the different sets of incidence angle and frequency, there 
is no excitation of SPs at M/D. 
 
Figure 3.2: Dispersion relation of SP wave ksp at metal-dielectric interface 
(M/D) and metal-prism interface (M/P) with that of evanescent wave. As k 
increases, the dispersion curve bends over and reaches an asymptotic limit. 
3.4 Excitation of Surface Plasmons 
SPs are free charge-density oscillations that are confined at the interface of two 
media of opposite signs (e.g., gold and dielectric) and produce SPP when 
strongly interact with the light. These SPs can be excited by both electrons and 
light energy. SPs excitation by electrons is achieved by bombarding the 
electrons into the bulk of a metal. When the scattering of the electrons occurs, 
the energy is transferred into the bulk plasma and the scattering vector parallel 
to the surface is directed to form of SPs. Whereas, the excitation of SPs by 
photons is created by total internal reflection or by local scattering. At the 
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given condition (e.g., incidence angle), the excitation of SPs results in the 
creation of resonance, and the electromagnetic field of the SPP decays 
exponentially. The excitation of the bulk SPs depends on the efficient coupling 
of the photons into the surface. There are three different coupling methods to 
excite the SPs to produce the necessary matching with the evanescent wave. 
These are: (i) prim-coupled excitation, (ii) grating-coupled excitation, and (iii) 
waveguide coupled excitation.     
3.4.1 Prism-coupled Excitation        
By far, the most commonly applied method for optical excitation of surface 
plasmons (SPs) by means of total attenuated reflection (ATR) is the prism 
coupling. In this method, the evanescent field pierces to the metal layer since 
the light is completely reflected at the prism-metal interface. A prism can be 
placed against a metal thin film in two configurations: Kretschmann 
configuration [8] and Otto configuration [229]. Kretschmann configuration 
(Figure 3.3 (a)) is well-know and widely used geometry to excite the SPs 
where the prism is placed against a metal thin film and thus assists in more 
efficient plasmon generation. If the metal thin film (with appropriate thickness) 
formed on the substrate is illuminated by a parallel beam of light source, 
almost 100% of the incident light can be transmitted into plasmons [230]. The 
resonance angle is very sensitive to any change of refractive index (RI) of the 
medium surrounding the metal surface which can be monitored by determining 
the intensity of the reflected light.   
The Otto configuration uses the principle of Kretschmann for evanescent 
coupling, however, the prism is not placed exactly on top of the metal layer 
(Figure 3.3 (b)). The coupling of the bulk electromagnetic wave in 
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Kretschmann is introduced from the metal side employing a prism whereas the 
coupling in Otto can be introduced from the side of dielectric medium [83]. 
Otto geometry requires a tiny (e.g., order of the incident wavelength) and finite 
gap between the metal and ATR surface [231]. This small empty space is filled 
with a lower RI (e.g., air). This arrangement is useful in the study of SPR in 
solid phase instead of liquid media where Kretschmann is more popular.    
 
Figure 3.3: Schematic of (a) Kretschmann and (b) Otto configurations. In both 
cases, SP propagates along the metal/dielectric interface. 
 
When the light waves are allowed to incident on the prism and propagate on 
the metal thin film, a part of the light is reflected back into the prism and a part 
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propagates in the metal as an inhomogeneous electromagnetic wave. This 
inhomogeneous electromagnetic wave is called the evanescent wave which 
decays exponentially in the direction perpendicular to the prism-metal interface 
[232]. This exponentially decaying evanescent wave penetrates through the 
metal thin films, and then couples with the SPs present in the interface between 
metal and dielectric interface. The wave vector of the SP propagating along the 
metal thin film can be expresses based on the dispersion relation 
(Equation3.41) as:   
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DM
sp c
k HH
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  
3.46   
 
where ksp is the wave vector of the propagation constant of SP. The above 
expression implies that the SP wave vector ksp is continuous through the metal-
dielectric interface and depends on these two media. 
The wave vector of the propagation constant of evanescent wave at prism-air 
interface with a dielectric constant of prism Hp, is given by: 
THZ sinpev ck   
3.47   
 
In order to get the plasmon resonance with photons, the energy and momentum 
should be preserved. To achieve this, the wave vector of the propagation 
constant of the evanescent wave kev has to be matched with that of the SP 
kplasmon of similar frequency and state of polarization. The resonance condition 
for a variable incidence angle is therefore expressed as: 
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Under this condition, the optical energy of the incident laser beam is converted 
to that of a SP wave. Thus, the resonance occurs based on certain values of the 
dielectric constant, incidence angle, incidence wavelength. Therefore, the angle 
required for the resonance (variable incidence angle), θres, depends on the 
dielectric constant HD when HM andHp are maintained constant. However, for a 
variable wavelength SPR biosensor, the resonance occurs at a fixed incidence 
angle where the resonance wavelength Ores is related toHD when HM and Hp are 
maintained constant. Adsorption and desorption of any foreign molecules on 
the sensing layer changes the complex dielectric permittivity of the metal thin 
film and the resonance angle changes accordingly. Thus, measuring θres from 
the SPR spectrum can determine the type of the particular molecules adsorbed 
on the sensing layer. 
3.4.2 Grating-coupled Excitation        
Grating coupling is another excitation method where light wave is incident on 
the diffraction grating. It is a less commonly used technique for the optical 
excitation used only for plasmonic devices. In this method, the wave vector 
matches with that of the SPs by increasing the parallel wave vector component 
which is related to the grating period. In addition, the surface periodic structure 
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enhances the wave vector of the incident light to produce the resonance 
coupling [228]. 
kSP
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Figure 3.4: Schematic representation of SPs excitation by rectangular grating 
coupler.   
 
Assuming the dispersion property of the SP, both the wave vector and effective 
RI of the guided wave is altered as follows [233-236]:  
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Figure 3.5: Illustration of wave vector with different diffraction orders. 
 
Here, kx,photon and kgrating are the wave vectors of an incident photon and grating 
respectively. ୱ୮ሺ୫ሻ is the wave vector of surface plasmon polariton mode 
excited by the mth order diffraction (Figure 3.5). m (=0,1,2…) is the diffraction 
order, P is the diffraction grating period and nb is the RI of the cover media. 
For the sub wavelength grating-mediated interactions between SP and target 
bioanalytes, the following momentum matching relation is preserved:  
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For the subwavelength grating based SPR structure under consideration, O ب 
P, meaning that no higher order diffraction is excited i.e., m=0. Therefore, 
Equation 3.58 terns to Equation 3.48 under this condition. However, the 
propagation constant ୱ୮ሺ୫ሻ of the normally incident (Ti = 00) diffraction light 
with a subwavelength grating order at m= 1 can be further modified to match 
with that of the propagation constant of SPs as Equation 3.48. Hence, the 
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optimized diffraction grating period can be obtained to incur the required SPR 
condition.  
3.5 Fresnel’s Reflection and Transmission Coefficients 
To generate a SPR curve, we need to calculate the Fresnel reflection 
coefficients where the matrix method is applied for any number of layers. 
Assuming the layers are stacked on each other up to N layers along the z-axis 
(Figure 3.6), the layers are parallel and sandwiched between two semi-infinite 
layers. The first layer is 1 and the last layer is N. Furthermore, the analytical 
solution considers that the layers are linear, homogenous and isotropic. The 
tangential electric and magnetic field components at the boundary of first layer 
are related to those at the final boundary [237]: 
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where [M] is the characteristic matrix of the combined layered system and is 
defined by the following expression: 
 
Figure 3.6: Schematic illustration for calculating the reflectivity of the p-
polarized light wave at the inner surface of the multilayer model system.    
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where the optical admittance, qk is defined as: 
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and the phase factor as: 
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where the design is considered by defining the arbitrary layer as thickness dk (= 
xk –xk-1), dielectric constant Hk, RI nk and permeability μk. In this study, the 
waveguide structure is considered as fused silica glass prism, gold thin film 
and streptavidin. So, the dielectric constant tend to be H1 = Hp, H2 = HM, H3 = HG 
(dielectric constant of graphene), and H4 = HD. 
Finally, the reflectance Rp for the p-polarized light of the complete multilayer 
structure is calculated from the amplitude squared of the Fresnel reflection (rp).   
2
222111211
2221112112
)()(
)()(
NN
NN
pp qMMqqMM
qMMqqMMrR 
  
 
3.58   
 
 
C H A P T E R  T H R E E  
98 
3.6 Measurement Techniques in SPRBs 
An efficient detection measurement is a primary need in a sensing operation. In 
SPRBs, the quantity being measured due to the biomolecular binding event is 
converted and encoded into one of the characteristics of the light wave [20]. 
The change in the RI due to the biological binding event affects the 
propagation constant of the SPP waves. Thus, the re-setup of the resonance 
condition produces some measurable changes of the characteristics of the light 
wave resulted from the detection event. The design of the SPRB and the output 
characteristics of the biosensor influence the measurements technique to be 
used. The commonly used measured characteristics in SPRBs are: (i) resonance 
peak, (ii) intensity change, (iii) phase change and (iv) other modulated optical 
characteristics (e.g., far- field, near-field, Poynting vector etc.). Among these, 
the resonance peak is the most widely used characteristic. The process of 
measuring the stated characteristics is shown in Figure 3.7 and Figure 3.8. 
 
 
 
 
 
 
     
Figure 3.7: Illustration of different measurement methods in SPRBs. 
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Figure 3.8: Conceptual illustration of different measurement techniques in 
SPRBs: (a) intensity change, (b) shift of resonance peak (angular 
interrogation), (c) shift of resonance peak (wavelength interrogation), (d) phase 
change, (e) Poynting vector change (real part), and (f) far-field change. 
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3.6.1 Intensity Change Based Detection 
This detection technique was the first approach used in SPRBs in the late 
1980s, and later on received more attention particularly for spatially resolved 
measurements in SPRBs [238]. Either the reflection intensity or the 
transmission intensity is measured before and after the biomolecular reactions. 
The absolute difference of these measurement characteristics gives an 
indication of the biomolecular reaction. The amount of the measurement 
characteristics presents the nature and the characteristics of the detected 
biomolecules. The maximum deviation of the intensity from its reference value 
(undetected) occurs only at a particular incidence angle or wavelength which 
indicates the maximum sensitivity at the particular measurement characteristics 
and, therefore, the measurement is always considered at that point of maximum 
sensitivity. The sensitivity is determined by the gradient of the reflectivity 
curve [118]. It is shown in Figure 3.8 (a) that the reflectivity curve is steeper 
for the incidence angle (or wavelength) preceding the resonance dip. Thus for a 
particular SPR, the maximum sensitivity with this approach is generally 
achieved before the resonance compared to the other part of the reflectivity 
curve. The main goal is to measure the maximum intensity change in the 
reflectivity spectrum instead of accurately locating the position of the 
resonance peak. Therefore, this type of detection measurement possesses 
higher resolution compared to the resonance peak based detection.      
The measurement parameters for this technique are defined as follows. 
Sensitivity enhancement is represented by the reflectance sensitivity 
enhancement (RSE) and the transmittance sensitivity enhancement (TSE) 
which are defined as: TSE = [(Change of transmittance intensity with proposed 
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structure – Change of transmittance intensity with conventional structure)/ 
(Change of transmittance intensity with conventional structure)] × 100%.  
TSE = [(||ǼTAP|- |ǼTC||)/|ǼTC|] × 100 % 3.59   
 
Similarly, the reflectance sensitivity enhancement (RSE) is defined as: RSE = 
[(Change of reflectance intensity with proposed structure – Change of 
reflectance intensity with conventional structure)/ (Change of reflectance 
intensity with conventional structure)] × 100%.  
RSE = [(||ǼRP|- |ǼRC||)/|ǼRC|] × 100 % 3.60   
 
where ΔRP and ΔRC are the change of reflectance intensity for the proposed 
structure and the conventional structure, respectively. ΔTP and ΔTC are the 
change of transmittance intensity for the proposed structure and the 
conventional structure, respectively. In addition, the other two new 
characteristic parameters incorporated in this detection measurement 
techniques are: (i) transmittance sensitivity enhancement factor (TSEF), and 
(ii) reflectance sensitivity enhancement factor (RSEF). They are defined as: 
TSEF =|ǼTP|/|ǼTC| 3.61   
 
and 
RSEF =|ǼRP|/|ǼRC| 3.62   
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3.6.2 Resonance Peak Based Detection          
This detection technique relies on the shift of the resonance peak in the 
reflectivity curve. In this technique, the location of the resonance peak in the 
SPR spectrum is observed before and after the biomolecular binding on the 
sensor surface. The goal in both of the cases (before and after the biomolecular 
interaction) is to obtain the resonance condition where the propagation constant 
of surface plasmon is equal to that of evanescent wave. The binding of the 
target biomolecules modifies the effective RI which further modifies the 
propagation constant of the SPP waves and thus the resonance occurs in a 
different incidence angle (or the wavelength). Therefore, the measurement of 
the shift of the resonance angle from its reference (undetected) position 
confirms the presence of the target biomolecule in the sample analyte. The 
extent of shift of the resonance peak and other observation parameters (e.g., 
type receptors) ensures the nature and the amount (e.g., concentration) of the 
detected target biomolecules. In another approach, the normalised value of 
reflectance at the resonance condition is taken into account both before and 
after the detection. Since both the location and normalised value of the 
resonance peak altered because of the biomolecular binding, the normalised 
reflectance value is also considered as the detection parameter. However, this 
technique is less common and not popular due to its lower sensitivity (less 
variation of the normalised reflectance) compared to the location shift of the 
resonance peak.  
The shift of the plasmon dip can be monitored in terms of incidence angle or 
wavelength (angular integration or wavelength integration), the concept of 
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which is shown in Figure 3.8 (b) and (c). Peak based detection is a widely used 
detection scheme for SPRBs. However, the shape of the SPR curve should be 
as narrow as possible to precisely and accurately locate its resonance peak. 
This is due to the fact that the width of the SPR curve decreases while the 
sensitivity increases. Thus, it requires extra care to maintain the shape of the 
SPR curve as narrow as possible while obtaining significant sensitivity.  
The performance parameters for this measurement method are given as 
follows. The overall sensitivity S is defined as the ratio of the sensor output to 
the change in the measurand [239]: 
ES
M
n
n
U
M
US RI ..  '
'
'
' '
'  3.63   
 
where U is the sensor output which can be incidence angle (for variable 
incidence angle SPR graphene biosensor) or wavelength (for variable 
wavelength SPR graphene biosensor), Δn is the amount of RI altered by the 
biomolecular binding, and M refers to moles for biomolecules. SRI represents 
the sensitivity to RI change whereas E represents the adsorption efficiency of 
the target biomolecules. This adsorption efficiency defines how many 
biomolecules in the sample analyte takes part to alter the RI. The sensitivity to 
the RI change for a variable incidence angle is defined as: 
RIU
n
S
D
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where,             
!! antibodyantigen resresres TTT  3.65   
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and, 
!'!' ' antigennantibodynn DDD  3.66   
 
Also, the sensitivity to RI change for a variable wavelength is defined as: 
RIUnm
n
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D
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' OO  3.67   
 
where ΔOres is the shift in the resonance angle due to the adsorption of target 
biomolecules. In addition to the sensitivity, the second important performance 
parameter, the detection accuracy, is inferred from the width and shapes of the 
SPR curve. One way to devise the detection accuracy is to measure the SNR, 
which is assumed to be inversely proportional to the SPR curve of full width at 
half maximum of the transmission dip (Δθ1/2) [240]. The SNR of the SPR 
biosensor with angular interrogation is therefore, written as: 
2/1T
T
'
' resSNR
 
3.68   
 
And that of SNR for the wavelength interrogation is found as: 
2/1O
O
'
' resSNR 3.69   
 
where ΔO1/2 is the spectral width of the SPR response curve corresponding to 
50% reflectance. For narrower width of the SPR curve, the SNR and therefore 
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the detection accuracy are higher. For instance, the angular half-width of the 
dip, Δθ1/2 for an optimum resonance condition can be expressed as [241]: 
respn T
JT
cos
4
2/1  '
 
3.70   
 
where J denotes the attenuation coefficient. And the spectral half-width of the 
dip, ΔO1/2, and the optimum resonance condition can be found from [241]: 
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where dnp / dO and dnspeff  / dO are the dispersion of prism and the dispersion of 
the effective RI of SP, respectively. 
3.6.3 Phase Change 
This detection technique has recently attracted the attention of researchers 
because of its rapid change in response to binding events [127]. In this method, 
the phase of the detected optical signal is changed abruptly compared to the 
change of the intensity of the signal. The SPRB modulates the phase 
characteristics due to the introduction of the target analyte. As can be seen 
from Figure 3.8 (d), the phase characteristic of the optical signal (e.g., 
reflectance, transmittance) is obtained before and after the detection of target 
biomolecule. A measurable variation of the phase gives the detection of the 
target biomolecule. The induced phase is generally measured using an optical 
phase extractor (e.g., collinear heterodyne technique, piezoelectric transducer). 
The measured phase difference determines the detection of biological species 
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and characterisation of molecular interactions. The phase based SPR 
biosensors provide lower limit of detection and higher throughput, however, 
the measurement of direct optical phase is not as easy as that of other detection 
methods where a photo detector is used. Thus, the complicated optical 
construction and expensive components restrict widespread use of the phase 
based detection.      
In this method, the sensitivity is measured in terms of the phase change after 
detecting the target biomolecules. The defined parameter is angle sensitivity 
enhancement factor (ASEF) which is expressed as: 
ASEF =|ǼTp|/|ǼTc_ 3.72   
 
where Tp and Tc are the change of phase due to the biomolecular detection for 
the proposed design and the conventional design, respectively. _ΔT_ = 
difference of the phase of observed optical signal as measured before and after 
the detection of target biomolecule.      
3.6.4 Proposed S-parameter Based Detection        
The S-parameters-based detection for a multilayer SPR biosensor is a new 
concept presented in this thesis. The idea of involving of S-parameters in SPR 
biosensors facilitates a new detection method. The S-parameters are complex-
valued wavelength dependent matrices, and therefore contain both magnitude 
and phase information. The change of magnitude and phase of S-parameters 
are considered as a detection indicator instead of measuring the shift of 
resonance peak reported in most of the SPR biosensor literature.  
 In this thesis, the proposed multilayer SPR biosensor is modeled using a two-
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port network. The S-parameters change whenever any resonance condition 
(e.g., RI of the analyte, concentration of target molecules and incidence angle) 
is modified. Thus, the change of the magnitude or phase of the S-parameters 
gives an indication of the detected target biomolecules. The high-frequency 
complex valued S-parameters are dependent on the RI of the sample analyte 
resulting from biomolecular reactions (e.g., between single-stranded DNA and 
complementary DNA to from a double stranded DNA).  The aim is to improve 
the sensitivity through measurement of S-parameters.  
The wavelength dependent S-parameters express device characteristics (e.g., 
transmission and reflection of electromagnetic energy) using the amount of 
absorption or transmission. For a two-port device, the S-parameters are defined 
as: 
ܵ ൌ ൤ܵଵଵ ܵଵଶܵଶଵ ܵଶଶ൨ 
3.73   
 
where S11 and S22 are the S-parameter for the reflected wave and S21 and S12 
are the S-parameter for the transmitted wave. Furthermore, ܵଵଵ ൌ
ට୔୭୵ୣ୰୰ୣ୤୪ୣୡ୲ୣୢ୤୰୭୫୮୭୰୲ଵ୔୭୵ୣ୰୧୬ୡ୧ୢୣ୬୲୭୬୮୭୰୲ଵ and ܵଶଵ ൌ ට
୔୭୵ୣ୰ୢୣ୪୧୴ୣ୰ୣୢ୲୭୮୭୰୲ଶ
୔୭୵ୣ୰୧୬ୡ୧ୢୣ୬୲୭୬୮୭୰୲ଵ . The normalized 
value of S11- parameter for the multilayer SPR biosensor is calculated as 
follows: 
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ܵଵଶ
ܵଶଶฬ
ଶ
ሺ݅Mଵଵሻ 
3.74   
 
where M11 contains the phase information of S11 and is expressed as: 
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The definition of S-parameter can be expressed as [227]:  
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where j is the number of layers = 0, 1, 2, 3 ,4, and k = j+1. Ijk is the interface 
and Lj is the layer matrixes respectively which are defined as: 
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where, rjk, dj, Hj and kzj are the Fresnel reflection coefficient, thickness of j-th 
layer, dielectric constant and thickness of the j-th layer and wave vector in the 
z-direction respectively.  
The sensitivity to RI change for the S-parameter based measurement can be 
obtained by differentiating Equation 3.74 with respect to the RI of the sensing 
layer [118]. This can be obtained from the normalized magnitude value of S11 
as: 
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Figure 3.9: Schematic diagram of a four layer SPR system. 
 
By taking the derivative to the S-matrix of Equation 3.76, 
22Sdn
d
D
 and 
12Sdn
d
D
 can be determined. For a four layer SPR system as shown in    Figure 
3.9, the derivative of the S-matrix with respect to the RI of the sensing layer (nd 
= n3) can be calculated as: 
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Here, i is a complex number. As can be seen in Equation 3.82, the interface and 
layer matrices are differentiated only when the indexes terms j= 3 and and k= 
3, 4. Because the differentiation is conducted with respect to the RI of the third 
layer (target biomolecule) to compute the sensitivity to the RI of the sensing 
layer, the terms that do not contain the RI of the third layer are kept constants. 
Therefore, we have employed the product rule of differentiation to establish the 
relation as in Equation 3.82. Equation 3.82 contains two differential forms of 
interface matrix Ijk and one differential form of layer matrix Lj. These can be 
determined using Equation 3.77 and 3.78 [242]. 
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Now, combining Equations 3.83 and 3.84, the values of 
22Sdn
d
D
 and 
12Sdn
d
D
 can be determined from Equation 3.82 which are then substituted in 
Equation 3.81 to calculate the sensitivity to RI SRI resulting from the 
biomolecular interactions with the sensor surface. Additionally, one can 
determine the change of the other S-parameters in response to the biomolecular 
interactions from Equation 3.82 simply by taking the corresponding terms from 
the differentiated S-matrix.  
Similarly, the phase sensitivity to the RI change of the sensing layer is 
computed using the derivative of Equation 3.75 as follows:  
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Once the value of the derivatives of the S-parameters are determined from 
Equation 3.82, the phase sensitivity to RI change is easily calculated. In 
addition, the sensitivity of the multilayer SPR biosensor can be also determined 
in relation to the thickness of the sensing layer (biomolecular layer) that can be 
computed by Equations 3.82 to 3.84 but differentiating with respect to the 
thickness of the target biomolecule (d3) instead of n3. Another term used in the 
performance investigation of SRPB is the sensitivity enhancement factor (SEF) 
which is defined as the ratio of the change of output of the proposed biosensor 
to the change of output of the conventional biosensor.              
The advantage is that some of the S-parameters have rapid response with 
respect to specific design parameters.  For example, _S11_ provides larger change 
compared to _S21_ and _S22_ in response to the target analyte. Both _S11_ and _S22_ 
have an upward slope for variation of the thickness of the target biomolecules, 
while _S21_ and _S12_ have a downward slope. In our simulations, we have used 
the finite-difference time-domain (FDTD) method using CST Microwave 
Studio [18]. 
3.6.5 Other Optical Parameters Based Detection 
Similar to the intensity and phase of the reflected light wave, other optical 
characteristics including far-field, extinction, scattering area, and Poynting 
vector undergo a change upon the binding of the target biomolecules. The 
modulation of any of these optical parameters can also be considered as a 
detection signal. However, these parameters are not widely used because they 
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provide lower variations, and their measurement is Figure 3.8 (e) and (f) show 
the detection measurement based on Poynting vector change and far-field, 
respectively. 
3.7 Summary 
Since Maxwell’s electromagnetic equations have been widely used for 
understanding of the SPR methods, the solution of these equations and 
establishing a mathematical relationship among the design parameters is a key 
step to an efficient design as introduced in this chapter. Given the vast 
applications of the multilayer SPR biosensor, understanding the relationship 
among the dominating factors of the design process is crucial. In this chapter, a 
description of the theoretical background of SPR biosensors was presented 
through Maxwell’s equations and mathematical derivations and relationships 
of different performance parameters. In addition, a new theoretical model for 
S-parameter based detection measurement of multilayer SPR biosensors was 
presented. In the following chapter, the multilayer SPRB will be investigated 
and compared to these mathematically established theories. 
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4 Graphene Based Multilayer Surface 
Plasmon Resonance Biosensor 
4.1 Introduction and Outline 
This chapter presents a multilayer G-SPRB in which the graphene is introduced 
on top of the gold layer in Kretschmann configuration. The aim is to improve 
sensitivity, adsorption efficiency and signal to noise ratio of the biosensor. The 
significance of using graphene in enhancing the sensitivity is due to a stronger 
adsorption of biomolecules on the graphene sheet and the special optical 
properties of graphene. In addition, chemical species adsorbed on the surface 
of the graphene act as electron donors or acceptors and graphene acts as an 
effective electron acceptor and transporter, which enhance the charge 
transportation and separation, resulting in variations of surface charge and 
dielectric constant of the metal thin film. Furthermore, the impermeable 
property of graphene prevents the oxidation on to the metal thin film which 
used to mislead to the detection process. For example, silver is highly 
susceptible to oxidation and thus produces an additional layer of silver oxide in 
the detection process. The electronic density of hexagonal rings of monolayer 
graphene is sufficient enough to prevent gases as small as Helium [243].        
In this chapter a multilayer G-SPRB is presented, modelled and simulated 
using the FDTD method. A set of numerical analysis is carried out to 
investigate the improvement of the performance parameters with respect to: (i) 
the role of the metal thin film, (ii) the impact of the thickness of the graphene 
layer, (iii) the effect of the prism angle and geometry, the effect of the
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operating wavelength, (iv) the role of the interface medium, and (vi) the 
thickness of the target biomolecular layer. The results of the numerical 
investigation of the G-SPRB are compared with those of a conventional SPRB. 
In addition, the proposed S-parameter based detection measurement (SPDM) is 
employed to tackle the limitations of the peak based detection measurement by 
considering the S-parameters magnitudes and phases.   
4.2 Biomolecular Interactions and Kinetics 
A biomolecular interaction is a process whereby two or more biomolecules 
bind to each other to form a complex form. A study of biomolecular interaction 
is essential to understand the binding affinity, association and dissociation 
between the receptors and target biomolecules. The biomolecular interactions 
between the receptor and target biomolecules generate an output such as 
surface stress change, surface charge change and refractive index (RI) change 
which are then used as an indication of detection. The determination of the 
kinetic rate constants of binding (association and dissociation) helps quantify 
the results of the biomolecular interactions.  
The biomolecular interactions between the receptor on the SPRB surface and 
the target biomolecules in the analyte are governed by the first order kinetic 
equations [16]. The dynamic of the diffusion-capture model describing the 
fundamental properties of the biomolecular interactions can be successfully 
presented  by a pseudo-first order kinetic model which is determined by the 
following equations [215]: 
cD
dt
d 2 U  4.1     
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and 
݀ܰ
݀ݐ ൌ ݇௔ሺ ଴ܰ െ ܰሻܿ െ݇ௗܰ 
4.2     
 
where D is the diffusion coefficient, c is the concentration of the analyte and t 
is time. N and N0 are the density of the conjugated receptors and the total 
receptor on the sensor surface, respectively. ka is the association constant and 
kd is the dissociation constant. Equation 4.1 represents the diffusion of target 
molecules to the sensor surface whereas Equation 4.2 denotes the binding of 
biomolecules. The interaction model assumes a single step and 1:1 binding.  
Assuming a large value of ka/kd (a 105 for specific target receptor conjugation) 
[215] and N0 (a 105 μm-2),  Equation 4.2 can be rewritten as: 
݀ܰ
݀ݐ ൌ ݇ி ଴ܰߩ௦ 
4.3     
 
whereas the solution of Equation 4.1  can be found as follows [215]: 
െ݇௔ ଴ܰ ൅ ܧ െ ݇௔ ௘ܰ௤௨௜݇௔ܿ଴ ൅݇ௗ  ቆͳ െ
ܰ
௘ܰ௤௨௜
ቇ ൅ ݇௔݇௔ܿ଴ ൅݇ௗ ܰ ൌ ܧݐ 
4.4     
 
where E= (NavoCD (t))/AD, Navo is the Avogadro’s number (6.022 × 1023 mol-1), 
CD (t) is the time dependent diffusion equivalent capacitance, AD is the 
dimension dependent area of the sensor. 
And  
௘ܰ௤௨௜ ൌ
݇௔ ଴ܰܿ
݇௔ܿ଴ ൅݇ௗ 
4.5     
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is the equilibrium concentration of the conjugated biomolecules. Equation 4.2 
can be re-written as:  
   daadaada kckRckRkRckckRkRckdt
dR    1   4.6     
 
Finally, 
  ckkckR
dt
dR
ada     4.7     
 
where R is the relative amount of bound analyte (=N/N0). Equation  
4.7 can be solved by using the standard ordinary linear differential equation  
( )()( tfytP
dt
dy   ) where the integrating factor,  
  
4.8     
 
Therefore, 
> @ cketftRt
dt
d
a
tkck da )()()(])([   PP  4.9     
 
Integrating both sides of Equation 4.9 gives: 
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where A is the integrating constant which can be found as setting the initial 
condition; R(t=0) = R0 is the initial amount of analyte bound at time t = 0 
second. 
Therefore,  
A
kck
ckRR
da
a   0)0(  
4.12   
da
a
kck
ckRA  0  
4.13   
 
Substituting the value of A into Equation 4.11 yields: 
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4.15   
 
Equation 4.15 relates to the relative amount of the bound analyte concentration 
with respect to time which depends on the association and dissociation 
constants. The plot of this kinetic model is shown in Figure 4.1 for different 
concentrations of analyte. The association and dissociation constants for this 
plot are assumed to be 3 × 105 mol-1Ls-1 and 5 × 10-4 s-1, respectively. Figure 
4.1 shows that the binding is fast initially, and becomes saturated quickly. As 
the time progresses, the conjugation rate gradually decreases and thus reaches 
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to its equilibrium state. It also suggests that the time required for the 
biomolecular interactions to achieve their equilibrium state depends on the 
analyte concentration, and is longer for lower concentrations of analyte. In 
addition, Figure 4.2 indicates that the equilibrium analyte binding increases 
linearly for smaller analyte concentrations, and rapidly becomes saturated at 
higher values of the analyte concentration. This suggests that the binding sites 
provided by the receptor biomolecules are saturated. And, thus no significant 
amount of bound analyte is observed as the amount of analyte concentration is 
increased. 
 
Figure 4.1: Illustration of the kinetic model for biomolecular interactions 
between the receptor and the target biomolecules.  
 
C H A P T E R  F O U R  
120 
0 10 20 30 40 50 60 70 80 90 100 110
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e
eq
ui
lib
riu
m
bi
nd
in
g
Analyte concentration, nM
 
Figure 4.2: Illustration of the dependency of the relative equilibrium binding 
on the analyte concentration.  
 
Different types of biomolecular interactions have been exploited in biosensor 
applications such as DNA-DNA interactions, DNA-PNA interactions, DNA-
RNA interactions, DNA-protein interactions, antibody-antigen interactions, 
protein-protein interactions, drug-protein interactions, biotin-streptavidin 
interactions and lipid-protein interactions. The main focus of this thesis will be 
on biotin-streptavidin interactions and ssDNA-cDNA interactions.   
4.2.1 Biotin-streptavidin Interactions 
Biotin is a water-soluble vitamin (e.g., vitamin B, vitamin H) that acts as a 
coenzyme in the metabolism of protein, carbohydrates and fats to convert food 
to energy in our body. The chemical structure of biotin is shown in Figure 4.3. 
Although biotins are present in a small amount in all living cells, they are 
critical for a number of important biological events such as cell growths and 
the citric acid cycle. The size of a typical biotin is 244.3 Daltons and therefore 
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biological activity of the protein and many other molecules (e.g., DNA, RNA) 
with biotin is most likely unaffected. Because of the high interaction of biotins 
with proteins (i.e., biotinylated), they are routinely used to detect the target 
biomolecules.   
 
Figure 4.3: Chemical structure of biotin. 
 
Streptavidin, on the other hand, is a tetrameric protein and has a strong binding 
affinity with biotin (kd = 10-14 to 10-15M) [244]. Compared to biotin, 
streptavidin is larger in size (mass is 60,000 Daltons) and less soluble to water. 
A stereo view of the streptavidin tetramer illustrating the subunit arrangement 
and the biotin binding site is shown in Figure 4.4.  
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Figure 4.4: Stereo view of the streptavidin tetramer [245]. 
 
The interactions between streptavidin and biotin are very fast and stable (i.e., 
not affected by temperatures, organic solvents etc.). Thus, biotin-streptavidin 
reaction pair is used in purification and detection of protein conjugated 
biomolecules. The interactions between biotin and streptavidin are non-
covalent, and thus can be also used to immobilize biomolecules to one another 
or onto a solid surface. Biotin-streptavidin interaction is the strongest among 
all non-covalent interactions. The binding strength among them is almost four 
times stronger than that of typical antigen-antibody interactions. The details of 
the formation of biotin-streptavidin complex on the oxide surface can found in 
[246]. Figure 4.5 shows the schematic of the process to form a biotin-
streptavidin complex. The four binding sites on each streptavidin make it easy 
attach to the biotin functionalized protein or surface. Consequently, detection 
of any protein though the biotin-streptavidin interaction minimizes the 
disturbance to protein structure as the interaction is performed through the 
biotin and streptavidin tags.  On the other hand, since the biotinalyted molecule 
can interact with other biotin-binding proteins, it is not amenable to multiple 
experiments where other detection probes such as antibodies might require for 
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this purpose. In addition, the endogenous biotin present in the background can 
degrade the selectivity of detection.             
4.2.2 DNA-DNA Interactions 
DNA is a self-replicating heredity molecule that contains the genetic 
instructions used in the development and functioning of all living organisms. It 
is the main constituent for chromosomes and stores the genetic information 
into the cell. It is made of chemical building blocks from long polymer 
repeating units called nucleotides. In a single stranded DNA (ssDNA), the 
building blocks are made of phosphate groups, sugar groups and four types of 
nitrogen bases. A single strand is formed by linking the nucleotides into the 
chain where the phosphate groups and sugar groups are arranged in an 
alternating manner. In a DNA building block, each end of a ssDNA has 
opposite polarity which runs antiparallel to each other in the DNA molecules 
[247]. The order of four nitrogen base pairs - adenine (A), cytosine (C), 
guanine (G) and thymine (T) - determines the biological information contained 
in a particular DNA strand.   
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Figure 4.5: (a) Schematic of the biotin-streptavidin interaction. (b) Biotin 
group is attached to poly-ethyleneglycol (left) and immobilized biotinalyted 
protein interacts with the streptavidin on the poly-ethyleneglycol surface 
(right).   
 
The formation of double stranded DNA (dsDNA) is accomplished by the 
interaction (through base paring) of ssDNA to their complementary DNA 
(cDNA). To form a dsDNA, nucleotides are covalently bonded together into a 
DNA strand with an alternating sugar-phosphate-sugar-phosphate backbone. 
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The interactions between DNAs produce some measurable quantities such as 
surface charge change and effective RI change of dsDNA which form the basis 
of DNA sensing. The interactions of the mismatched or complementary DNA 
to the receptor DNA (ssDNA) gives an important insight into the target DNA. 
In this process, ssDNA has the binding affinity to its complementary 
counterpart.  
The detection of DNA is important for many applications, particularly for 
genome compaction and transcription regulation. It is used to measure the 
degree of genetic similarity between different species. In addition, the 
detection of DNA sequence variations plays a crucial role in the diagnosis of 
inherited diseases and conditions. Moreover, to identify the type of virus or 
bacteria responsible for any particular disease, viral DNA or bacterial DNA 
detection is essential.    
4.3 Rivew on Existing Multilayer SPRB 
Improvements of detection sensitivity and accuracy are extremely important in 
SPR biosensing applications to monitor tiny biomolecular interactions 
quantitatively and accurately. A multilayer SPRB is one of the newly 
introduced approaches for improving sensitivity and accuracy. Although, there 
has been much research devoted to the development of SPRB to address 
sensitivity and accuracy, only several articles have focused on the multilayer 
SPRB approach. Xinglong et al. [248] have developed a mathematical model 
for a SPRB focusing on detection resolution. The study numerically analysed 
the phase based detection. Although a mathematical model was studied for a 
number of design parameters such as thickness of gold film, linker and sample 
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analyte, an analysis on the effect of other metal thin films was not given. In 
addition, resolution and selectivity were investigated instead of sensitivity and 
accuracy.  
Recently, Lee et al. [249] demonstrated a multilayer approach for SPRB using 
a bimetallic structure. In the configuration of the multilayer stack, the 
bimetallic layer consists of inner and outer sides of the biomolecular layer, 
respectively. Silver and gold were used as the inner and outer layers, 
respectively. A substantial enhancement of resolution was achieved by 
improving the sharpness of the of the SPR curve. But, using the silver as the 
inner metallic thin film decreased the sensitivity compared to the gold thin 
film. In addition, the sharpness can be simply achieved using the silver thin 
film only instead of a bimetallic layer if the goal is to enhance the sharpness of 
the curve instead of increasing the sensitivity. Moreover, the inner silver layer 
can produce another layer of silver oxide while using in sensing applications 
because of it is highly susceptible to oxidation and consequently can decrease 
the sensitivity. The replacement of graphene layer on the outer metal layer can 
overcome these problems.         
The incorporation of graphene layer into the SPR sensing has been introduced 
very recently. Niu et al. [250] presented a SPR system for producing a tunable 
shift of the resonance wavelength by introducing a spacer layer of Al2O3 
inserted between the inserted between the graphene and nanoparticles. The 
potential application for this approach is in biosensing. Although graphene has 
attracted much attention in the SPRBs, only three groups [117, 118, 251] have 
focused on graphene based multilayer SPRB. However, it appears that some of 
these articles are carried out in parallel to our research work on the same topic. 
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Nevertheless, we describe these recent works in here. Wu et al. [117] 
demonstrated that a graphene-on-gold SPRB had better sensitivity than its 
conventional counterparts but its SNR was substantially reduced. The 
substantial discussion on the detection accuracy was not covered in the article. 
In another study by Choi et al. [118], they have described a numerical 
investigation of graphene-on-silver SPRB with sensitivity greater than the 
conventional gold film based biosensor. It was demonstrated that the sharp dip 
SPR curve of silver together with a graphene layer on top of silver resulted in 
enhanced sensitivity. However, there were a number of issues not addressed in 
the study [15] that were in disagreement with the key finding of the SPRB 
literature mainly relating to the methodology for sensitivity and detection 
accuracy measurements: 
(i) It is not shown how the sensitivity compares with that of the SPR 
graphene-on-gold biosensor. They only compared the sensitivity of 
their sensor against that of the SPR gold-based biosensor. 
(ii) It is true that the impermeability property of graphene reduces the 
oxidation of sliver thin film which is considered for the sensitivity 
enhancement, but, the important optical properties of graphene and 
increased adsorption efficiency to target biomolecules were not 
addressed. 
(iii) The detection accuracy which is an important parameter for 
performance analysis of biosensors was not discussed. 
(iv) The broadening of the width of the SPR curve based on the LPSR 
graphene-on-gold biosensor could be compensated for by means 
other than replacing the gold layer with a silver layer. The reason is 
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that the sensitivity is reduced in the SPR graphene-on-silver 
biosensor.                 
Most recently in 2012, Maharana and Jha [251] introduced a multilayer 
graphene based SPRB using Chalcogenide prism instead of silica glass prism. 
It has been shown that the sensitivity is significantly improved because of the 
graphene layer and detection accuracy enhanced due to the high RI of 
Chalcogenide glass. It is true that the prism material can enhance sensitivity 
and accuracy, however, the simultaneous improvements of these two 
parameters is quite contradictory of the mathematical theory and that of most 
reported articles unless, otherwise, the SPRB can initially produce the narrower 
width of the SPR curve [117, 118, 252]. It appears that most of the multilayer 
approaches in SPRB are recent, 2010-2012, and thus have great potential for 
further development.  
We have tried to address all of the aforementioned issues in our developed 
multilayer G-SPRB. It clearly discusses and validates with the theory on how 
the sensitivity enhancement can affect the sharpness of the SPR and hence the 
detection accuracy. The investigations are compared against the conventional 
SPRB and validated mathematically. In addition, the analysis of the G-SPRB 
was separately carried out for four SPR active metal thin films: gold, silver, 
copper, and aluminium. Furthermore, a new SPDM is introduced into the 
detection measurement in the G-SPRB. 
4.4 Design of a Conventional SPR Biosensor (SPRB) 
Before presenting the multilayer G-SPRB, an investigation of the conventional 
SPRB in terms of both design and performance parameters is given in this 
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section. This investigation facilitates a direct comparison of the design and the 
performance of the multilayer G-SPRB against those of the well-known 
conventional SPRB in Kretschmann configuration. In addition, a verification of 
the performance investigation of the multilayer G-SPRB against that of the 
reported experimental work is given in Chapter 6. 
A conventional SPRB consists of a noble metal thin film (e.g., Au, Ag, Al) 
placed on top of the base of a prism as shown in Figure 4.6. It is used to 
monitor biomolecular interactions of biotin-streptavidin. The surface of the 
metal layer is immobilized with the receptor molecule (biotin). The sample 
containing the target biomolecule (streptavidin) is allowed to pass through the 
sensor surface. The interactions between the receptors and the target 
biomolecules produce an RI change which is used to monitor the response of 
the biosensor.  
 
Figure 4.6: Schematic illustration of a conventional SPR biosensor in 
Kretschmann configuration.   
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This conventional SPRB is modelled and implemented using the FDTD and 
FEM methods in CST Microwave Studio [253]. A schematic 3-D model of the 
modelled conventional SPRB is shown in Figure 4.7. The structure considered 
in this model is only a unit cell of the overall design which is repeated to an 
infinity extent along the x-y plane. The thickness of each covered material is 
set as 50 nm. The prism considered in this study is fused silica, the dielectric 
constant of which is calculated from Sellmeier dispersion [254]. The 
wavelength dependent complex valued RI of gold, silver and aluminium is 
assigned from the Drude model [255] from the material database.     
(a) 
 
(b) 
 
Figure 4.7: A 3-D model of the conventional SPRB: (a) structure of simulated 
unit cell, and (b) zoomed view of the unit cell. 
Base of prism 
Gold layer 
Analyte medium 
Biomolecular layer 
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The model is meshed with hexahedral mesh where the mesh accuracy is 
adjusted to 10-9. The boundary conditions are set as: the tangential component 
of the magnetic field is zero along the positive and negative y-axis. To extend 
the unit cell infinitively in a periodic manner, an array of periodic boundary 
conditions is applied along the positive and negative x-axis. The boundary 
condition for the z- axis (both positive and negative) is left open to facilitate 
the oscillations of SP waves. To excite SPs, a TM-polarized light of 
wavelength 632.8 nm is used.  
The propagations of SPs, electric and magnetic field distributions are studied 
for various conditions (e.g., thickness of biomolecular layer, different thin 
films). Absolute magnitudes of electric and magnetic field along with their 
direction are studied. Figure 4.8 shows the propagation of SPs under two 
different conditions: resonance and without resonance. It is obvious from 
Figure 4.8 (a) that strong plasmon is generated on the sensing interface when a 
resonance is formed. On the other hand, most of the field is reflected back to 
the medium of incidence while resonance is not established and thus a weak 
plasmon is formed as shown in Figure 4.8 (b). The isolevel distribution of the 
electric field in Figure 4.9 further ensures a propagating wave along the line.      
       
(a)                                                              (b) 
 
Figure 4.8: Contour plot of the absolute electric field amplitude for two 
conditions: (a) resonance, and (b) no resonance.  
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(a)                                                              (b) 
 
Figure 4.9: Electric field isolevel line for two conditions: (a) resonance, and (b) 
no resonance.  
 
In order to excite SPs, the phase of the incident plane wave and that of SPs 
must be same. As can be seen from Figure 4.10, the direction of the fields 
aligns towards the same direction when the phase machining between the 
incident plane wave and SPs is occurred. The field direction is reversed when 
the phase is reversed. In addition, the electric and magnetic fields are 
perpendicular in the plane of propagation which confirms the electromagnetic 
field theory. Furthermore, the magnetic field travels away from the sensing 
surface, whilst the electric field is toward the sensing surface (Figure 4.10 (b) 
and (d)). These phenomena as observed from the implemented modelling and 
simulation exactly match the well-known electromagnetic theory as described 
in Chapter 3.      
In addition, a set of numerical simulations is conducted to study the effect of 
different design parameters on reflectivity and transmittance. The simulations 
include the role of different metal thin films, thickness of biomolecular layer 
and gold layer. Furthermore, the condition for multiple mode propagation is 
devised for different metal thin film. Multiple modes of propagation are found 
when the thickness of the biomolecular layer reaches a certain value (e.g., 82 
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nm for aluminium thin film). Moreover, the corresponding biomolecular 
thickness and incidence angle are analytically established in this study. 
    
(a)                                                           (b) 
    
(c)                                                            (d) 
 
Figure 4.10: Electric and magnetic field distribution for the conventional SPRB 
for two different phases of surface plasmon: (a) electric field at phase of 900, 
(b) magnetic field at phase of 900, (c) electric field at phase of 2700, and (d) 
magnetic field at phase of 2700. 
 
The role of different thin films is studied when the thickness of the 
biomolecular layer is varied over a wide range. Keeping all other parameters 
constant, the thickness of the biomolecular layer is varied. For each numerical 
simulation, the shift of the plasmon angle (Δθres) is measured. Thereafter, the 
shift of the plasmon angle (Δθres) is plotted against the thickness (d) of the 
biomolecular layer. The summary of this experimental study for three types of 
thin films (e.g., gild, silver, and aluminium) is shown in Figure 4.11. After 
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plotting the experimental data (blue), we have performed curve fitting on the 
data. The quadratic curve fitting (red) closely matched with the experimental 
data with the regression (R2 = 0.999) of approximately 1. 
 
Figure 4.11: Δθres observation for different coated materials for varying the 
thickness of biomolecular layer: (a) gold coated, (b) silver coated (c) 
aluminium coated, and (d) a comparison of the three. 
 
The equations which describe the nature of the shift of the resonance angle for 
the three types of thin films of gold (Au), silver (Ag) and aluminium (Al) are 
derived by the author as follows: 
οɅ୰ୣୱȁ୅୳ ൌ ͲǤͲͲͶͳଶ ൅ ͲǤͳͺ ൅ ͲǤͳͶ     with d< 220 nm 
 
4.16 
     
οɅ୰ୣୱȁ୅୥ ൌ ͲǤͲͲʹ͸ଶ ൅ ͲǤͳͳ ൅ ͲǤͲͺ    with d< 260 nm                           4.17 
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οɅ୰ୣୱȁ୅୪ ൌ ͲǤͲͲʹଶ ൅ ͲǤͲ͸ͷ ൅ ͲǤͳͷwith d< 82 nm                                4.18 
     
 
As the position of the plasmon dip (resonance peak angle) depends on the 
thickness of the dielectric layer over a certain range, another simulation study 
was performed to investigate the performance of the chosen thin films. Such 
shifts can be easily measured through the surface plasmon spectroscopy. It is 
shown that Δθres for all the examined films are quadratically related 
(Equation4.16, 4.17 and 4.18) to the dielectric thickness. However, Δθres for 
gold film (Figure 4.11 (d)) always maintains a greater upward slope than the 
rest. As summarized in Table 4.1, after a certain thickness of the dielectric 
layer, no plasmon dip is observed but a waveguide mode and sometimes 
multiple waveguide modes are observed. The waveguide modes observed at 
different thickness of protein are almost similar for the examined thin films.   
Table 4.1. Summary of different waveguide modes for the examined materials. 
Materials and 
thickness (nm) 
First waveguide mode Multiple waveguide modes 
Thickness of 
dielectric layer (nm) 
Incidence angle at this 
wave guide mode 
Thickness of dielectric  
layer (nm) 
Incidence angle at 
this wave guide 
mode 
Gold (50) 220 39.250 522 na 
Silver (50) 260 39.550 549 na 
Aluminium (50) 261 39.540 549 na 
 
Figure 4.12 shows the light transmittance/reflectivity for different incidence 
angles where the light transmittance tends to reach zero at an incidence angle 
of around 380. This indicates that the total internal reflection must occur 
beyond this incidence angle. An alternative method for changing the light 
transmittance is to vary the thickness of the metal thin films (Figure 4.13). As 
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can be seen from the figure, the light transmittance reduces with the thickness 
of the metal thin film whereas the reflectivity increases. Another method to 
reduce the light transmittance is to functionalize the gold thin film with 
biorecognition elements. This method enhances the adsorption of biomolecules 
on the gold surface. The simulation results (Figure 4.14) dictates that 
increasing the thickness of the biorecognition layer decreases the light 
transmittance, resulting in an enhanced sensitivity.      
 
Figure 4.12: Graph illustrating the reflectivity and transmittance of light for 
varying incidence angles. 
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Figure 4.13: Graph illustrating the reflectivity and transmittance of light for 
varying thickness of gold thin film. 
 
 
Figure 4.14: Graph illustrating transmittance of light for varying thickness of 
biomolecular layer. 
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4.5 Graphene Based Multilayer SPR Biosensor  
A schematic diagram of the multilayer G-SPRB in Kretschmann configuration 
is shown in Figure 4.15. To the excite SPs for matching the evanescent wave, 
the laser beam is coupled with a prism (fused silica glass prism). A gold thin 
film of 50 nm is used to cover the base. Finally, the gold thin film is coated 
with a graphene layer. In fact, the metal thickness for an optimum coupling 
depends on the operating wavelength and the materials involved. For a gold 
thin film with an operating wavelength from 600 nm to 1000 nm, the thickness 
usually falls between 44 nm and 50 nm [20]. Considering these phenomena, 
the thickness of each metal layer is set to 50 nm. 
To determine the optical response of the G-SPRB, the outer surface of the 
graphene layer is functionalized with specific receptors (e.g., ssDNA for cDNA 
and biotin for streptavidin) that recognize and bind to the target biomolecules. 
Biomolecules which are introduced into the liquid solution are diffused and 
captured by the receptor molecules. A TM-polarized plane wave light of fixed 
wavelength 632.8 nm with various incidence angles is launched into the prism 
to find out the optimum coupling condition. The laser beam is reflected from 
the base of the prism and is normal to the surface. The reflected beam is 
directed to an optical detection system producing a SPR curve.  
A modelling and simulation exercise is carried out for the multilayer G-SPRB 
for monitoring the biomolecular interactions (e.g., DNA hybridization and 
biotin-streptavidin interactions). The numerical investigations are conducted 
with the help of well-established FDTD and FEM methods [242, 256] and are 
used to calculate the optical characteristics of the design. The RI profile and 
other properties of the examined materials are included in the simulation to  
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Figure 4.15: (a) Schematic representation of the multilayer G-SPRB. (b) 
Resonance condition. 
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analyze the performance parameters. The simulation study is verified with the 
theoretically developed formula based on the Fresnel equations and the matrix 
formalism. The simulator calculates the Fresnel coefficients of the layer system 
with recursion formalism. 
The structure under investigation is modelled and implemented using the 
FDTD and FEM methods in CST Microwave Studio. A schematic of the 
simulation volume is shown in Figure 4.16. The model consists of an array of 
unit cell of the designed G-SPRB which is periodically repeated to an infinite 
extent in the x-y plane. Since the simulation considers the unit cell in periodic 
repeated structure, only the base of the prism is shown in the structure instead 
of full prism geometry. The properties of materials used in the modelling are 
assigned from the material database. In particular, the wavelength dependent 
complex valued RI of gold is assigned from the Drude model [255] from the 
material database. The RI of the fused silica glass prism is described by 
Sellmeier dispersion formula [254]. And the RI of graphene is calculated 
according to the wavelength dependent formula in Equation 4.23 discussed in 
Section 4.4.3. The gold layer is created by extruding 50 nm of the top face of 
the base of the prism. Similarly, the graphene layer is created by extruding the 
top face of gold with required height (e.g., 1 nm for double layer of graphene 
sheet). Both the gold and graphene layers are extended infinitely in the x-y 
plane, embedded in the base of prism. 
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(a) 
 
(b) 
 
Figure 4.16: A schematic of a unit cell of the simulated surface plasmon 
excitation structure: (a) structure of simulated unit cell, and (b) extended view 
of the unit cell. 
 
The structure is meshed using hexahedral mesh with a hexahedral mesh 
accuracy of 10-6. The mesh convergence is tested with respect to the electric 
field magnitude. In the magnetic boundary conditions, tangential magnetic 
field component (Ht = 0) is set to zero along the positive and negative y-
direction. An array of periodic boundary condition is applied along the positive 
and negative x-axis. In addition, open boundary conditions are applied along 
Base of prism 
Gold layer 
Analyte medium 
Graphene layer 
Biomolecular layer 
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the positive and negative z-direction. The schematic of this boundary setup 
along with the visualization of the model is shown in Figure 4.17.  
     
 
Figure 4.17: A schematic illustration of the boundary setup of the simulated 
model. 
 
SPs are excited using a TM-polarized wave along the x- direction and traveling 
in the z-direction. The amplitude of the excited SPs is studied as a function of 
the excitation incidence angle of the TM-polarized wave. The incidence angle 
is assigned by a variable ‘theta’ which is then varied using parameter sweep 
from 200 to 750 to find the necessary resonance conditions. The boundary setup 
along with the visualization of the model is shown in Figure 4.18. In addition, 
the parameter sweep is used to vary the other design parameters including 
number of graphene layers (multilayer is formed using several layers of single-
layer graphene sheet), thickness of biomolecular layer, RI of the biomolecular 
layer and operating wavelength. For a particular sweep for example incidence 
angle, the rest of the parameters (e.g., operating wavelength) are kept 
unchanged.       
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 (a)                                           (b) 
 
Figure 4.18: Specifying boundary conditions and excitations illustrating the 
scan angle (incidence angle) setup: (a) 3-D visualization of the model and (b) 
2-D visualization of the model.   
 
To observe the electromagnetic response of the modelled device, ‘Field 
Monitors’ including E-field, H-field and far-field are applied in the model. 
Figure 4.19 shows the propagation of SPs at a particular incidence angle (top) 
and, its phase for various incidence angles (bottom). To obtain the measure of 
the excited SPs amplitude on the graphene layer, the absolute amplitude of 
electric field is monitored for various conditions of excitation incidence angle. 
As shown in Figure 4.20, the amplitude of the electromagnetic field intensity is 
weak in some particular incidence angles. As can be seen from the figure, there 
are only week plasmons at an angle below the resonance angle (Figure 4.20 (a), 
(b), and (c)), and thus large reflection of incidence waves occur at these 
incidence angles.   
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Figure 4.19: Numerical simulations of surface plasmon propagation. Simulated 
absolute field magnitudes (top) and its phase (bottom).  
 
Strong plasmons are observed at the resonance angle in Figure 4.20 (d). Thus, 
plasmons are generated if the polarization of the field is in parallel to the plane 
of incident. When the incidence angle is increased further from the resonance 
incidence, the incident wave starts to reflect back to the medium of incident, 
therefore, plasmons started to become weak. As shown in Figure 4.20 (e) and 
(f), the strength of the reflected wave is concentrated in the medium of incident 
instead of the dielectric interface.  
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(a)                                                           (b) 
    
(c)                                                            (d) 
   
(e)                                                            (f)                               
 
Figure 4.20: Contour plot of the absolute amplitude of the electric field for 
different excitation incidence angles: (a) incidence angle = 39.50 (b) incidence 
angle = 420, (c) incidence angle = 450, (d) incidence angle = 520 (resonance 
occured), (e) incidence angle = 550, and (f) incidence angle = 580.     
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(a)                                                           (b) 
    
(c)                                                            (d) 
   
(e)                                                            (f)                               
 
Figure 4.21: Propagation of the surface plasmon at various phase angles: (a) 
phase angle = 100, (b) phase angle = 300, (c) phase angle = 700, (d) phase angle 
= 1000, (e) phase angle = 1400, and (f) phase angle = 2500.  
 
The oscillatory nature of SPs is dependent on their phase. The different state of 
propagation of SPs is shown in Figure 4.21. It is shown that the propagation of 
SPs progressed as the phase advanced and then decayed from its highest 
oscillation after a certain phase value. The oscillation again repeats after the 
phase reversal. As shown in Figure 4.21 (c) and (f), the oscillation returned 
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back after 1800 phase reversal. The plot at Figure 4.21 (c) is at phase 700 
whereas at Figure 4.21 (f) is at 2500; therefore a phase reversal has occurred 
(e.g., 700 + 1800 = 2500). Thus, almost similar oscillatory pattern of SPs is 
found in these two cases. 
  
 (a)                                                        (b) 
 
(c) 
 
Figure 4.22: Electric field distribution for the G-SPRB: (a) at resonance, (b) 
before resonance, and (c) extended view of part (a).  
 
Figure 4.22 shows the calculated absolute field magnitude with and without 
resonance conditions. The size and the colour of the arrows relate to the field 
strength where red colour indicates high field and green colour indicates low 
field. It is obvious that the field is concentrated and attained its maximum 
value near the sensor surface during resonance condition (Figure 4.22 (a)), 
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whereas it is concentrated near the incident plane (Figure 4.22 (b)) when 
resonance is not occurred. In addition, the field with and without resonance are 
out of phase. The reason is that only weak plasmon is observed without 
resonance and most of the incident wave reflected back to the medium of 
incidence.  On the other hand, the absolute amplitude of magnetic field 
distribution is shown in Figure 4.23. Again, it confirms that the field is 
concentrated near the sensing interface during the resonance condition. 
However, it is observed that the magnetic field strength is comparatively weak. 
In addition, the magnetic field is perpendicular to the plane of incidence. 
    
 (a)                                                               (b) 
 
(c) 
Figure 4.23: Magnetic field distribution for the G-SPRB: (a) at resonance, (b) 
before resonance, and (c) extended view of part (a).  
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In another study, the propagation of SPs is investigated for different thickness 
of graphene layer.  Figure 4.24 shows the electric field distribution for two 
different thicknesses of graphene layer. Since the modification of any design 
parameters requires the re-setup of the resonance condition, there will be two 
different resonance incidence angles for the two different configurations (L=2 
and L=7). Therefore, it is obvious that Figure 4.24 (b) produces weak plasmon 
compared to Figure 4.24 (a) when excited with the same incidence angle. 
Consequently, the incidence angle needs to be increased to obtain a resonance 
with the higher value of the number of graphene layer.   
 
            (a) 
 
              (b) 
 
Figure 4.24: Propagation of surface plasmons for two different thickness of 
graphene layer: (a) number of graphene layer, L= 2, and (b) number of 
graphene layer, L= 7. 
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4.5.1 Detection of Biotin-streptavidin Interactions  
To detect the biotin-streptavidin interactions, the biotin is functionalized onto 
the sensing surface and streptavidin is immersed in the phosphate buffer 
solutions. Functionalizing biotins on the sensing surface eliminates any 
unspecific binding, and thus makes this device more selective and efficient. 
Biotin at a concentration of 0.02 μmol/mL is immobilized on the outer surface 
of the graphene layer and streptavidin of 11 μmol/mL concentration is used as 
a target molecule in our detection experiments. The effective RI of biotin- 
streptavidin interactions provides a means for detection and is measured to be 
1.50 [257]. The biomolecular interaction between biotin and streptavidin 
results in the modulation of the sensor characteristics. Measuring the shift of 
the optical characteristics (e.g., resonance peak angle), the presence of the 
target biomolecules is identified.     
4.5.2 DNA Detection 
The principles underlying the DNA hybridization in this SPRB stems from the 
RI change caused by the biomolecular reactions between ssDNA and cDNA to 
form a dsDNA. With the attachment of the ssDNA onto the sensing surface, 
the initial RI of the immobilized ssDNA is assumed to be 1.462 for a density of 
0.028 g/cm3 obtained from the ellipsometry measurements [13]. However, this 
value of RI is gradually increases during the course of DNA hybridization 
reaction. The DNA hybridization is considered as a 3 nm thick dielectric 
monolayer [118]. After the formation of dsDNA of density 0.061 g/cm3, the RI 
reported to be 1.52 [14]. And, the RI of the dsDNA is assumed to be linear 
with the increase in concentration of the bound DNA.  
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4.5.3 Calculation of Refractive Index 
The refractive indices of the dispersive materials (wavelength dependent RI) 
are determined based on the well-known theory (e.g., Drude model theory for 
gold material).  In a dispersive prism, the refractive is found by Sellmeier 
dispersion relation as [254]:   
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where O denotes the operating wavelength in μm. The constants A1, A2, A3, B1, 
B2 and B3 are Sellmeier coefficients and are determined by fitting this 
expression to the experimental data. For fused silica prism, the value of the 
coefficients are A1= 0.004679148, A2= 0.01351206, A3= 97.934, 
B1=0.6961663 Pm2, B2=0.4079426 Pm2 and B3=0.8974794 Pm2 [258, 259]. 
The dielectric constant for the metals used in this model can be found using the 
following Drude formula [255]:  
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where Op and Oc stand for the plasma and collision wavelength respectively.  
The corresponding values of Op and Oc are given in Table 4.2 [237]. In our 
experiment, the real and imaginary parts of the dielectric constant of metals are 
related to their refractive indices as follows: 
C H A P T E R  F O U R  
152 
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where, n, k = real and imaginary part of RI, respectively. Also, 22 knR  H , is 
real part of the dielectric constant,  
knI 2 H , is imaginary part of the dielectric constant. 
For example, for gold n = 0.178 and k = 3.07 which lead to Hோ ൌ െͻǤ͵ͻand 
Hூ ൌ ͳǤͲͻ. 
Table 4.2. Plasma and collision wavelengths for four metal thin films used in 
our modelling [237]. 
Metals Plasma wavelength (Op), m Collision wavelength (Oc), m 
Gold (Au) 1.6826×10-7  8.9342×10-6 
Silver (Ag) 1.4541×10-7 1.7614×10-5 
Copper (Cu) 1.3617×10-7  4.0852×10-5 
Aluminium (Al) 1.0657×10-7  2.4511×10-5 
 
Next, the complex RI of graphene in the visible range is obtained based on the 
recent experiment in [260, 261] within the calculation of Fresnel coefficients 
as: 
03
446.53)( OO inG                                                            
4.23   
 
where O0 is vacuum wavelength in μm. From this expression, it is obvious that 
the graphene opacity is a universal constant which makes it a potential 
prominent candidate for SPR applications. 
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4.5.4 Multilayer G-SPRB Preparation Methods 
Whilst the SPRBs offer a host of potential applications together with high 
sensitivity, small-size, low-cost and ease of operation, their fabrication is still a 
challenging task due to the difficulty in forming uniform nanopatterns on 
substrates. A number of approaches including self-assembled monolayer and 
nanoimprinting have been explored to reduce the fabrication complexity [14]. 
The multilayer SPRB has been recently experimentally fabricated [15]. The 
first step of multilayer SPRB fabrication involves depositing a thin film of gold 
(50 nm) on the glass substrate (the base of the prism) using the vacuum thermal 
evaporation technique. Next, the graphene layer is deposited on top of gold 
thin film using the electron beam lithography and nano-sphere lithography. To 
realize the biosensing, the graphene is immobilized with receptor molecules 
such as biotin that can capture specific target molecules such as streptavidin. 
To excite the plasmon, light from a laser beam of 632.8 nm with various 
incidence angles is launched into the prism to find out the optimum coupling 
condition. The reflected laser beams are then collected from an optical 
detection scheme which is directed toward it and produces the SPR curve.        
4.6 Analysis on Peak Based Detection Method  
The sensitivity and detection accuracy of biosensors depends on a number of 
factors (e.g., coated materials, and target probe), but in the context of this 
study, the sensitivity improvement is the result of introducing a biomolecular 
recognition element onto the coated material, prism configuration, proper 
interface with prism, proper selection of the thin film and also the proper 
selection of operating wavelength. In addition, an investigation of the shift of 
the SPR dip is performed against two different interfaces (air and phosphate 
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buffer solution) with different prism geometry. In this section, the analysis of 
the sensitivity and accuracy is conducted by considering the peak based 
detection measurement. A detailed discussion of the peak based detection 
method including the related mathematical definition of the performance 
parameters is presented in Chapter 3.  
As summarized in Figure 4.25, the introduction of the graphene layer onto the 
gold thin film had a strong tendency to improve the shift of plasmon dip in the 
optical spectrum. The shift of the resonance peak angle is further compared for 
both the modelled conventional SPRB and G-SPRB by considering the RI of 
the binding layer which will increase in accordance with the concentration of 
target analytes.  Figure 4.26 shows that resonance peak angle shift for both G-
SPRB and conventional SPRB are almost linear over the wide range of RI 
change as resulted from the DNA hybridization reaction. With the linear 
regression analyses, it is found that the correlation coefficient, R= 0.9987 for 
G-SPRB and 0.999 for conventional SPRB. The absolute analyte concentration 
is equivalent to the RI of the resultant hybridization reaction which is included 
in the plot. It is obvious that G-SPRB provides larger shift as compared to the 
conventional SPRB. In addition, the simulation prediction matches closely with 
the theoretical data (solid red line) which also verifies the result of the FDTD 
method against that of existing theoretically established formula.      
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Figure 4.25: Reflectivity versus incidence angle curve to show the shift in 
resonance peak angle for conventional SPRB and G-SPRB. 
 
 
Figure 4.26: Illustration of the relationship between the shift of resonance 
angle and the RI change during the course of DNA hybridization.  
 
G-SPRB is simulated to investigate the binding event of both biotin-
streptavidin and DNA hybridization reaction. The summary of the 
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investigation is shown in Figure 4.27. It appears that the biotin-streptavidin 
binding produces slightly higher shift of resonance peak angle compared to the 
DNA binding. This is because the initial effective RI of the biotin-streptavidin 
reaction is higher than that of the DNA hybridization reaction. In another 
observation, it is found that the SPR curve becomes shallower with the increase 
of the resonance incidence angle. From Figure 4.25, the plasmon dip is 
shallower for G-SPRB than the conventional SPRB. It further clarifies that the 
reflectivity value at resonance peak increases with an increase in resonance 
incidence angle.    
 
Figure 4.27: Reflectivity versus incidence angle curve for G-SPRB in response 
to biotin-streptavidin interactions and DNA hybridization reaction. 
 
4.6.1 Role of Different Thin Films on Sensitivity 
The sensitivity of the G-SPRB is tested against some frequently used thin films 
for various incidence angles and various thicknesses of biomolecular layers. A 
summary of this simulation is presented in Table 4.3 and Figure 4.28. As 
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shown in Figure 4.28, graphene-on-gold has higher shift of the plasmon dip as 
compared to the other metals thin films considered in the simulation. This 
higher shift of plasmon dip with G-SPRB indicates an increased sensitivity. 
But detection accuracy is decreased since the width of SPR curve broadens. 
The width of the SPR curve is determined by the full width at half maximum of 
the transmission dip (Δθ1/2) [98]. The narrower the width, the better the SNR 
which is a measure of detection accuracy. 
As a crucial observation, it is shown that graphene-on-silver, graphene-on-
copper, and graphene-on-aluminium produced sharp dip (less Δθ1/2) and hence 
improved detection accuracy as compared to gold counterpart. The 
improvement of the SNR for silver, copper, and aluminium is considerably 
higher than that for gold. As another crucial conclusion, although silver, 
copper, and aluminium provide a sharp SPR resonance peak, gold provides a 
stable peak with a better sensitivity. 
Table 4.3: Summary of the performance analysis of different thin films on the 
G-SPRB and conventional SPRB in terms of Δθres and Δθ1/2. 
 
4.6.2 Comparison of G-SPRB and Conventional Biosensor 
G-SPRB is attractive because of its stable adsorption of biomolecules on the 
graphene layer. In contrast, adsorption of biomolecules occurs poorly on the 
gold surface in the conventional SPRBs. Attachment of a graphene layer on top  
Materials 
(50 nm) 
Thickness of 
streptavidin 
(nm) 
Antibody 
 
Conventional biosensor G-SPRB 
with antigen binding with antigen binding 
θres θres Δθres Δθ1/2 θres Δθres Δθ1/2 
Gold  30 42.87 50.40 7.53 5.59 52.00 9.13 9.42 
Silver  30 41.33 46.79 5.46 1.13 48.28 6.95 2.05 
Copper  30 41.06 46.10 5.04 0.63 47.39 6.33 1.25 
Aluminium 30 40.45 44.07 3.62 - 44.80 4.35 - 
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Figure 4.28: Reflectivity versus incidence angle curve to show the shift in SPR 
angle for: (a) graphene-on-gold, (b) graphene-on-silver, (c) graphene-on-
copper and (d) graphene-on-aluminium. 
 
of the gold thin film enables greater RI change near the sensing layer interface. 
Furthermore, the presence of the graphene layer on gold surface alters the 
propagation constant of SPP, which ensures the modification of the sensitivity 
to RI change. Thereby, increasing the adsorption efficiency due to the graphene 
layer coated on the gold thin film enhances the sensitivity. Figure 4.29 shows 
that the G-SPRB significantly enhances adsorption efficiency and sensitivity as 
compared to the conventional SPRB. However, we can observe from the 
presented width of the SPR curve (Δθ1/2) in Figure 4.28 and Table 4.3 that the 
G-SPRB has a reduced SNR than that of the conventional SPRB. We noticed 
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that whenever the sensitivity is improved either by increasing the number of 
graphene layers or the thickness of the target biomolecules, the SNR reduced 
significantly which agrees with Equation 3.70. The evidence of this theoretical 
agreement is numerically demonstrated in Figure 4.30. As can be seen from 
Equation 3.70, both γ and np are constant for a particular wavelength, whereas 
increasing θres tends to increase the overall value of Δθ1/2 as cos(θres) decreases. 
Finally, the SNR tends to reduce for an overall increase in Δθ1/2. 
 
Figure 4.29: Comparison of the performance of the G-SPRB and the 
conventional SPRB in terms of adsorption efficiency and sensitivity as a 
function of the number of graphene layers, L, for three different thicknesses of 
target molecules: (a) adsorption efficiency enhancement ΔELgraphene/E0conventional 
and (b) sensitivity enhancement ΔSLθn/S0θn.  
 
4.6.3 Effect of the Thickness of Graphene Sheet and Target 
Results presented in Figure 4.31 suggest that Δθres increases linearly with the 
number of graphene layers and target molecules layers. However, for a wider 
range of thickness variation for the target molecules Δθres maintains a 
polynomial relationship instead of a linear relationship with the thickness 
(Figure 4.31 (b)). Therefore, the sensitivity of the G-SPRB increases linearly 
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(Figure 4.32(a)). However, the SNR reduces (Figure 4.32 (b)) which is in 
excellent agreement with Equation 3.66. 
 
Figure 4.30: Change of Δθ1/2 for various resonance incidence angles. 
 
  
Figure 4.31: Demonstration of the shift of SPR angle as a function of the 
number of graphene/streptavidin layers. L values correspond to the number of 
graphene/streptavidin layers. (a) Δθres as a function of the number of 
graphene/streptavidin layers, with the thickness of streptavidin kept constant 
while the number of graphene layer varied, and the thickness of the graphene 
layer kept constant while the number of streptavidin layers varied. (b) Δθres as a 
function of the thickness of streptavidin layers. 
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Figure 4.32: Sensitivity and SNR as a function of the number of graphene 
layers: (a) sensitivity, and (b) SNR. 
 
In another experiment, it is found that the resonance reflectivity and the change 
in resonance reflectivity are affected by the number of graphene layers as 
shown in Figure 4.33. The resonance reflectivity increases since resonance 
incidence angle increases with the number of graphene layers. And this 
relationship of resonance reflectivity is almost linear with the number of 
graphene layers.    
4.6.4 Effect of Prism Angle and Prism Geometry 
The deviation for a prism is defined as: 
Ai  TG                                                           4.24   
 
where A is the prism angle and θi is the incidence angle. For a particular prism 
with constant deviation, the incidence angle increases linearly with the prism 
angle. Whereas, in Equation 3.48, nD increases with an increase of the 
incidence angle. Finally, an increase of the prism angle increases RI of the 
dielectric layer which in terns increases the decreases ΔTres (=Tres <after> - Tres 
<before>). From Equation 3.64, STn is proportional to the change of the  
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Figure 4.33: Graph illustrating the values of resonance reflectivity and change 
in resonance reflectivity for different number of graphene layers: (a) resonance 
reflectivity and (b) change in resonance reflectivity. 
 
resonance peak angle. We have shown this theoretical agreement with our 
simulation study in Figure 4.34. It is obvious from Figure 4.35 that Tres 
increases linearly with the prism angle. In addition, we have carried out a 
simulation for four different types of prisms. As the prism geometry can also 
affect the prism angle, it alters the overall sensitivity of the SPR graphene 
biosensor (Figure 4.34 (b)). From these figures, it is clear that the prism angle 
and geometry improved the sensitivity only, but did not modify the SNR (since 
the 'T1/2 remains unchanged). In addition to the prism geometry, the prism 
material (PDMS) can also affect SPR characteristics. Because the glass prism 
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is most popular and frequently used, we have focused only on the glass prism 
instead of PDMS prism.     
 
Figure 4.34: Reflectivity versus incidence angle curve with: (a) two different 
prism angles and (b) four different prism configurations. 
 
 
Figure 4.35: Observation of SPR angle as a function of prism angle. 
4.6.5 Effect of the Interface 
The biosensing is considered both in liquid and air interface to find the 
potential applications (e.g., biomolecular interactions and gas sensing). We 
have investigated the shift of the sharp plasmon dip against two interfaces, air 
and phosphate buffer solution (PBS). In the simulation, the refractive indices 
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for the two different interfaces namely air and PBS are taken into account. 
Since, the propagation of optical signal is affected by the refractive index of 
the surrounding medium and thus the outcome of the simulation is also 
affected by these two medium when considered separately. According to 
Figure 4.36, the measurement of θres of a layer against water produces a higher 
value than the measurement against air. However, as RI of PBS is rather high 
(1.33) compared to air, it is necessary to use high RI glass prism. The summary 
of investigation of the performance parameters against these two interfaces are 
shown in Figure 4.36 and Figure 4.37. 
 
Figure 4.36: Reflectivity versus incidence angle curve for the G-SPRB 
measured against air interface and a high RI medium (PBS). 
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Figure 4.37: Bar grpah illustrating the effect of Δθres and Δθ1/2 as measured 
against two different media (air and PBS). 
 
4.6.6 Effect of Operating Wavelength on the Performance 
The effect of the operating wavelength on the design parameters of the G-
SPRB is studied where a match with the mathematical theory was observed. 
Equation 3.66 suggests that Δθ1/2 is proportional to the attenuation coefficient J 
of SPs and inversely proportional to np and cos θres. Compared to the other 
factors, J decreased more rapidly with an increasing wavelength as np and cos 
θres changed slowly [118]. Therefore, these two effects could not compensate 
each other, and finally the reflectivity dip associated with the excitation of SPs 
at longer wavelength (smaller incidence angle) becomes narrower than that 
obtained at a shorter wavelength (higher incidence angle). An agreement is 
achieved between the theoretical developed formula and our numerical 
simulation as shown in Figure 4.38. On the other hand, the shift of resonance 
angle decreased with higher wavelengths. However, the effective RI decreased 
(inset in Figure 4.39) under the same conditions which could compensate for 
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the reduction of the shift of resonance angle in order to keep the sensitivity 
stable (Equation 3.60). Furthermore, we have mathematically established a 
relationship between these Δθres and Δθ1/2 with the wavelength (Figure 4.39). 
The nature of these two parameters in terms of the operating wavelength can be 
best described by the following two equations: 
 
Figure 4.38: Reflectivity as a function of angle of incidence for two different 
operating wavelengths to show the effect of Δθres and Δθ1/2. 
 
601.50041.0  ' OT eres                                                           4.25   
 
and 
151.50049.0
2/1
 ' OT e                                                           4.26   
 
where O is the operating wavelength. As can be seen from Figure 4.39, both 
Δθres and Δθ1/2 decrease with the wavelength. A lower value of Δθ1/2 is always 
expected for getting improved detection accuracy. Whereas, a higher values of 
C H A P T E R  F O U R  
167 
Δθres is desired for obtaining improved sensitivity. Therefore, we need to 
establish a trade-off between these two design parameters in regard to the 
operating wavelength. Consequently, proper selection of wavelength has a 
significant impact on the design parameters of the G-SPRB. According to 
Figure 4.39, the best range for the described trade-off falls within the standard 
visible spectrum. 
 
Figure 4.39: Numerical predictions and exponential fitted values of Δθres and 
Δθ1/2 as a function of the operating wavelength: (a) of Δθres and (b) of Δθ1/2. 
Inset shows the spectral dependence of effective RI of surface plasmons at the 
interface between gold and air. 
 
4.7 Analysis on the Proposed S-parameter Based 
Detection Method  
Both phase and magnitude values of S-parameters are considered to monitor 
the binding of biomolecular interactions. The proposed S-parameter based 
analysis is investigated through the DNA hybridization reactions. In this study, 
the multilayer G-SPRB is modelled using Kretschmann configuration as shown 
in Figure 4.40 (a). However, to measure the S-parameters and their phases, the 
G-SPRB is modelled in a two-port network (Figure 4.40 (b)) where the input 
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terminal is termed as Port 1 and the output terminal as Port 2. The 
biomolecular interactions between ssDNA and cDNA results in the modulation 
of the sensor characteristics. Measuring the shift of the optical characteristics 
(e.g., S-parameters), the presence of the target biomolecules is identified.      
 
Figure 4.40: Schematic representation of G-SPRB: (a) Kretschmann 
configuration of prism coupling, and (b) a unit cell of a two port model of the 
multilayer G-SPR biosensor. 
 
An investigation of the change of S-parameters is presented in Figure 4.41. It 
has been shown that the change of S-parameter (S11) is nearly linear during the 
course of the DNA hybridization reaction meaning that the more c-DNA bind to 
the ssDNA, the more S11 changes. Noticeably, the maximum change of S11 at 
the saturation of DNA hybridization reaction for G-SPRB is almost three times 
higher than that of conventional SPRB. Therefore, the maximum shift of the 
S11-parameter of approximately three times can be achieved with our S-
parameter based detection measurement. Whereas, with the peak based 
detection measurement, the maximum shift of resonance peak angle (Figure 
4.26) at the saturation of DNA hybridization reaction for G-SPRB is about two 
times higher than that of conventional SPRB.   
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Figure 4.41: Illustration of the change of the magnitude of S11 in response to 
the refractive index change during the course of the DNA hybridization 
reaction.  
 
The shift of other S-parameters is investigated in Figure 4.42. The changes of S-
parameters, '_S11_, '_S12_ , '_S21_ and _'S22_, attain their maximum value at their 
resonance angle. However, the change is highest for S11. To study the nature of 
plasmon wave at the sensor surface of the G-SPRB, the spatial distribution 
electric field is examined at different incidence angles based on the FDTD 
method, and shown in Figure 4.43. The simulation for the purpose of examining 
the plasmon wave is carried out at an incidence angle before and after the 
resonance. It is noticed that before the resonance, the plasmon wave is reflected 
back (total internal reflection) whereas at resonance angle the oscillation of 
plasmon wave is maximum. And, thus the maximum change of S-parameters 
are achieved at this resonance incidence angle which justifies the findings in 
Figure 4.42.       
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Figure 4.42: The FDTD simulation results showing the change of different S-
parameters, '_S_. 
 
 
 
Figure 4.43: Contour plot of electric field before and at the resonance 
conditions: (a) before, and (b) at resonance. 
 
In addition to the analysis of the magnitude values of S-parameters, phase 
values associated with each of the S-parameters can also give an indiciation of 
C H A P T E R  F O U R  
171 
biomolecular detection. Based on the multilayer G-SPRB, the phase value of 
S11 is calculated and compared with that of conventional SPRB in Figure 4.44 
(a). It is observed that there is a rapid transition of the phase of S11 at the 
resonance angle of 50.070 and thus a significant phase shift is obtained in 
response to the DNA hybridization reaction (Figure 4.44 (b)). As it is expected, 
the phase shift in case of G-SPRB tends to be higher than that of the 
conventional SPRB.       
 
 
Figure 4.44: Illustration of the phase change detection using S11: (a) pattern of 
phase before and after binding of cDNA, and (b) phase shift. 
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Furthermore, the effect of the thickness of dsDNA, and hence, the RI resulted 
from the DNA hybridization reaction is shown in Figure 4.45. The phase of S11 
produces significant change once the resonance happens. Since the sensitivity is 
increased with the inclusion of graphene, we have further investigated the 
number of graphene layers. Figure 4.46 shows that both the magnitude and the 
phase of S22 start to decrease by increasing the number of layers of graphene 
except at some particular values of  the number of graphene layers (e.g., after 
L= 1 only, S22 starts to decrease for 50.060 incidence angle).      
 
Figure 4.45: Graph demonstrating the dependence of the phase of S21 on the 
thickness of dsDNA layer. 
 
 
 
 
C H A P T E R  F O U R  
173 
    
Figure 4.46: The effect of number of graphene layers on the S-parameters with 
different incidence angles: (a) _S22_, and (b) arg (S22). 
4.8 Discussions 
As a quantitative measure of the biosensor performance, we have considered 
the detection sensitivity and accuracy for the  G-SPRB and the conventional 
SPRB. Two detection methods have been used to investigate the performance 
of the biosensors. It has been shown that the inclusion of graphene on top of 
the gold thin film is an excellent candidate for high sensitive SPRB. In 
addition, it is found that the performance of the G-SPRB is influenced by a 
number of factors including different coated metal thin films, thickness and 
effective RI of the biomolecular layer, interface media with the sensing 
surface, operating wavelength, prism angle and prism geometry and the 
number of graphene layers. The sensitivity of the G-SPRB has been improved 
with gold metal thin film, liquid interface and increased thickness of the 
biomolecular layer. A linear and quadratic relationship is numerically 
established between the shift of resonance peak and the thickness of the 
biomolecular layer. Additionally, a linear relationship is obtained between the 
prism angle and the shift of resonance peak which is found to be in a good 
agreement with the theory of optics.  
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Furthermore, the performance of G-SPRB is enhanced with a proper selection 
for the operating wavelength which is found to be within the range of visible 
light. And, an exponential relationship is experimentally established between 
the plasmon shift and the operating wavelength. Apart from its good 
performance, its greatest advantage is its tunable operation. For instance, 
operating either at shorter wavelengths or with higher number of graphene 
layers can make a trade-off between the sensitivity and accuracy of the 
biosensor. 
Moreover, a new SPDM has been introduced which provides better sensitivity 
compared to the frequently used resonance peak based detection measurement. 
While most of the published articles employ the shift of the plasmon dip as the 
detection platform, we employ sensitivity enhancement representing the 
change of optical parameters including the phase and magnitudes values of the 
S-parameters.  
With regards to the peak based detection measurement, G-SPRB provides two 
fold higher shift of resonance peak angle compared to its conventional 
counterpart. Whereases, with the proposed S-parameter based detection 
measurement, the change of S-parameters is found to be 3 fold better than that 
of conventional SPRB. While increasing the sensitivity by increasing the shift 
of resonance peak angle in the peak based detection measurement, the 
detection accuracy is reduced since the width of the SPR curve broadens. This 
limitation can be overcome by considering the SPDM where both the 
amplitude and phase of S-parameters change rapidly and significantly. 
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4.9 Summary 
This chapter presented the design of a multilayer G-SPRB biosensor with 
theoretically and computationally developed frameworks for analysis of the 
biosensor performance. The study was conducted to evaluate both the biotin-
streptavidin and ssDNA-cDNA interactions. A comprehensive numerical 
analysis was carried out to investigate the effect of the design parameters on 
the performance of the G-SPRB.  It was demonstrated that the resonance 
condition is significantly affected by the introduction of the graphene layer. In 
addition, the SPDM was proposed to enhance the sensitivity performance 
reading of the G-SPRB. In Chapter 5, a multilayer grating G-SPRB will be 
proposed and analysed. 
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5 Grating Based Multilayer Surface 
Plasmon Resonance Biosensor 
5.1 Introduction and Outline 
Grating based surface plasmon resonance biosensors (SPRs) have become 
increasingly popular for sensitive detection because of their capability to 
enhance the excitation of surface plasmons (SPs). This chapter presents a 
multilayer GG-SPRB by incorporating a periodic array of subwavelength 
grating on top of the layer of graphene sheet in our G-SPRB described in 
Chapter 4. The significance of using the periodic grating in the GG-SPRB is 
that, it can improve both the sensitivity and accuracy at the same time. The 
improvement can be attributed to the establishment of local hot spots in the 
grating, and the increased reaction area generated by the near-field interactions 
around the nano-sized grating structure. In addition, the excitation of localized 
SPs mediated by the periodic grating and the resonant coupling of localized 
SPs can lead to the field enhancement and consequently the sensitivity.  
In this chapter, a multilayer GG-SPRB is proposed, modelled, and simulated 
using the FEM and FDTD method. A set of numerical analysis is carried out to 
investigate the improvement of the performance parameters with respect to the 
role of: (i) refractive index (RI) resulted during the course of DNA 
hybridization reaction, (ii) thickness of the graphene layer, (iii) grating 
configurations (e.g., rectangular, triangular and sinusoidal), (iv) grating height, 
(v) grating angle, (vi) grating period, and (vi) volume factor (VF). The result of 
the numerical investigation of the GG-SPRB is compared with that of the
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conventional SPRB as well as the G-SPRB. In addition, mathematical 
correlations among the performance parameters (e.g., between width of SPR 
curve and resonance peak angle) are established and discussed. The outcome of 
this investigation identifies ideal functioning conditions corresponding to the 
best design parameters. 
5.2 Rivew on Existing Multilayer SPRB 
Improvement of detection sensitivity and accuracy has attracted tremendous 
interest in the SPR biosensing research. Among many of the approaches 
developed to enhance sensitivity including introduction of magnetic 
nanoparticle [262], metallic nanowires based SPR [263], nanohole array SPR 
[264], and array of metal nanorod based SPR [265], most of the SPR 
developments have been focused on the grating based sensitivity enhancement 
approach. The sensitivity in a SPRB is mostly a function of the sensor structure 
and materials. In case of grating based SPRBs, periodic dielectric nanograting 
exhibits a strong near-field localization of electromagnetic waves resulted from 
the excitation of localized surface plasmons (LSPs) that vary sharply with 
nanowire period, depth, profile, and environment of the nanostructures, and 
lead to enhancement of local electromagnetic fields. Comparing to the 
conventional SPRBs, highly excited LSPs and their subsequent interaction with 
the biochemical binding events on the metal nanostructure cause a large shift 
of resonant LSP modes [266]. This field enhancement by the coupling effect 
between LSP modes, induced by the interaction of propagating surface 
plasmons and excited localized plasmons, has been investigated as a way to 
enhance the sensitivity which is the desired goal in the SPRBs research.         
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Among most of the reported articles on SPRBs using periodic nanograting, 
Kim et al. [267] addressed a sensitivity enhancement approach using a 
nanowire based SPR structure. In their study, the structural dependence of SPR 
on nanowire design parameters, particularly the volume factors and nanowire 
depth, and also on the sensitivity characteristics was emphasized. An 
optimization for the optimal nanowire structure was also carried out using a 
numerical model for the rigorous-coupled analysis as well as finite difference 
time domain (FDTD). In their recent study [120], they utilized the nanowire 
structure for the SPR imaging and verified that the nanowire structure can 
equally be employed for the sensitivity enhancement of the SPR imaging and 
non-imaging of the angle interrogation type SPRBs. An experimental study 
also reported such a nanowire-based sensitivity enhancement in SPRBs [116]. 
However, most of the studies on SPRBs have been developed through 
numerical simulation (e.g., FDTD, FEM). Lin et al. [268] developed a SPRB 
with a subwavelength grating coupled waveguide. Although, they used the 
grating coupled waveguide to excite the SPs instead of a prism [269], their 
structure was less sensitive to slight variations to incidence angle, and thus 
produced lower sensitivity while using the angle interrogation. In addition, the 
optimization due to different grating geometry including VF, grating depth, 
and period were not addressed. In another study, Kim et al. [112] reported that 
employing the nanoplasmonic subwavelength gratings significantly improves 
the imaging resolution. Although they investigated an optimum grating 
structure for an enhanced lateral imaging resolution, detailed discussion on the 
sensitivity enhancement was not given in their study. Very recently, Jang et al. 
[270] have investigated a metal-dielectric double-layered subwavelength 
grating structure for SPR biosensing. The structure incorporates a dielectric 
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spacer before the grating, and thus the combine effect of the dielectric spacer, 
and grating results in a strong and deep absorption at resonance. While the 
optimum grating structure was investigated, the detection and sensitivity 
measurement was not carried out by other means (e.g., change of reflectance 
and transmittance intensity, far field and magnetic field, etc.). Instead, they 
only considered the resonance peak. Although, a graphene-based multilayer 
structure and subwavelength grating in SPRBs have been employed by 
researchers for the enhancement of sensitivity, none of the existing works has 
yet implemented the combined effect of the two. In addition, no article has yet 
investigated S-parameter based detection and peak based detection   
simultaneously, as we have analysed in our study. 
Some of the aforementioned shortcomings (e.g., comprehensive analysis of 
grating geometry) together with the proposed SPDM are implemented and 
discussed in this chapter. Our investigations are compared against the outcome 
of the conventional SPRB and the G-SPRB, and validated mathematically. In 
addition, the impact of different grating configurations (e.g., rectangular, 
triangular, and sinusoidal) on the performance of the GG-SPRB has been 
investigated which is not reported elsewhere.  
5.3 Proposed GG-SPRB 
A schematic diagram of the proposed multilayer GG-SPRB in Kretschmann 
configuration is shown in Figure 4.15. The proposed GG-SPRB employs an 
array of periodic subwavelength dielectric grating that is introduced onto the 
graphene layer. The introduction of dielectric grating into the GG-SPRB 
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supports enhanced excitations of SPs and mediates interactions between the 
excited SPs and biomolecular layer onto the sensing surface.  
 
Figure 5.1: (a) Schematic representation of the proposed multilayer GG-SPRB 
in Kretschmann configuration. (b) Concept of grating angle. 
 
A TM-polarized plane wave at a fixed wavelength 632.8 nm with various 
incidence angles is coupled through the prism to excite SPs. The prism used is 
a fused silica glass. In the design, the base of the prism is covered by a thin 
gold thin film having an attachment of a graphene layer on top of the gold 
layer. Finally, a one-dimensional periodic dielectric grating is placed on top of 
the graphene layer where the bulk surface plasmon polaritons are excited. The 
thickness of the gold thin film is chosen at 50 nm. Whereas, the thickness of 
the graphene layer is selected at 2 nm, however, this parameter is varied to 
investigate the performance of the GG-SPRB. In this study, a dielectric 
material, polymethyl methacrylate (PMMA) is considered for the 
subwavelength grating with a dielectric constant of 2.25 [271]. The height (hg), 
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width (wg) and period (P) of the grating is initially selected at 45 nm, 70 nm 
and 250 nm, respectively. However, these parameters are also varied to 
investigate the sensor performance.  
The sensing operation of the proposed GG-SPRB is observed though 
monitoring the binding of DNA hybridization reaction onto the sensing 
surface. To facilitate the DNA interactions onto the sensing surface, the grating 
is immobilized with the ssDNA specific to the corresponding cDNA to allow 
the hybridization reactions. The binding of target DNA (cDNA) to its receptor 
counterpart produces a RI change which gradually increases during the course 
of DNA hybridization reaction. The initial RI of the immobilized ssDNA is 
assumed to be 1.462 for a density of 0.028 g/cm3. The formation of dsDNA 
from the ssDNA and cDNA reaction is assumed to be linear with the 
concentration of the bound DNA. The details of the DNA hybridization 
reaction and the corresponding RI change were discussed in Chapter 4.        
The proposed GG-SPRB is modelled and implemented using well-established 
FDTD and FEM methods. To ensure the validity of the methods used in the 
simulation, the result is compared with the standard electromagnetic field 
calculation using Fresnel equations and the matrix formalism as described in 
Chapter 3.  The RI profile and other design parameters (e.g., number graphene 
layers, grating period, grating height (depth), grating angle, and VF) are 
included in the simulation to analyze the performance parameters.  
In the proposed GG-SPRB, three types of grating configurations are 
considered: (i) rectangular grating, (ii) triangular grating, and (iii) sinusoidal 
grating. A schematic of the 3-D representation of the proposed GG-SPRB with 
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these three grating configurations is shown in Figure 5.2, Figure 5.3 and Figure 
5.4. Each model consists of an array of unit cell of the proposed GG-SPRB 
which is periodically repeated in the x-y plane as shown in Figure 5.5.  
 
(a) 
   
(b)                                           (c) 
 
Figure 5.2: 3-D model of the proposed GG-SPRB with rectangular grating 
geometry: (a) top view, (b) front view, and (c) zoomed view.    
 
The FDTD and FEM methods consider only each unit cell and thereafter 
calculate the total response for a greater extent. The gold layer is first created 
on top of the base of prism by extruding 50 nm its top face. The graphene layer 
is then created by extruding the top face of the gold with 2 nm. The working 
coordinate system, WCS is aligned with the faces of the graphene layer to 
Base of prism 
Gold layer 
Graphene  
layer 
Biomolecular layer 
Analyte medium 
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produce a rectangular grating where u, v and w of the local coordinate are 
directed along the x, y and z directions of the drawing plane, respectively. The 
rectangular grating is then created by defining a brick volume on the picked 
two points onto the graphene layer. The triangular grating is developed using 
the extrude curve profile with a polygon curve. On the other hand, the 
sinusoidal grating is produced using analytical curve in the extrude curve 
profile. The equation used in the analytical curve along the U, V and W 
coordinates of the WCS plane are: U(t) = hg×(sin(Pi×t))2  V(t) = P×*t and W(t) 
= 0.  
 
(a) 
         
(b)                                           (c) 
Figure 5.3: 3-D model of the proposed GG-SPRB with sinusoidal grating 
geometry: (a) top view, (b) front view, and (c) zoomed view.    
 
Base of prism 
Gold layer 
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 layer 
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(a) 
         
(b)                                           (c) 
 
Figure 5.4: 3-D model of the proposed GG-SPRB with triangular grating 
geometry: (a) top view, (b) front view, and (c) zoomed view.    
  
(a)                                                           (b) 
 
Figure 5.5: Illustration of an array of unit cell of GG-SPRB as described in the 
periodic boundary condition: (a) array of sinusoidal grating based unit cell, and 
(b) array of triangular grating based unit cell. 
 
Base of prism 
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Both hexahedral and tetrahedral meshing schemes are used in the modelling. 
However, the performance accuracy of using hexahedral mesh is better 
compared to its tetrahedral counterpart. The two mesh views of the model are 
shown in Figure 5.6. The mesh type is set to automatic to choose the best 
boundary approximation method for optimal performance and accuracy. The 
equilibrate ratio is set to 1.19 to create a smooth transition between the smallest 
and the highest mesh lengths. In addition, the mesh refinement is set to perfect 
electric conducting edges (PEC) by a factor 2 to increase the spatial sampling 
at PEC edges. This enables an additional density points to assist the automatic 
mesh generator to increase the mesh density (by the specified factor) at those 
PEC points. This is because, singularities in the electric field occur at the metal 
edges and thus fields vary significantly near such edges. Therefore, these PEC 
edges must be sampled (meshed) more frequently at edges than elsewhere. 
A periodic boundary setup is applied to the model along the positive and 
negative x-axis. The tangential magnetic field component and normal electric 
fluxes are set to zero along the positive and negative y-direction to allow a 
perfect magnetic conductor. Open boundary condition with the number of 
perfectly matched layer (PML) as four is applied along the z-axis. The PML 
condition provides a material independent absorbing boundary condition. This 
setup further ensures the propagation of waves with minimal reflections like 
free space. A TM-polarized plane wave of wavelength 632.8 nm is used to 
excite SPs. The schematic of the aforementioned boundary setup with the 
visualization of the model is shown in Figure 5.7. The scan angle (incidence 
angle) setup is made outward as indicated by the red arrow as to provide the 
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plane wave in the direction toward the metal dielectric interface, and is scanned 
to produce the necessary resonance.   
   
(a) 
     
(b) 
 
Figure 5.6: Mesh view of the GG-SPRB for three different grating geometries: 
(a) tetrahedral mesh, and (b) hexahedral mesh. 
 
  
(a)                                                    (b) 
 
Figure 5.7: Illustration of the boundary setup and the excitation setup through 
the visualization of the proposed model: (a) boundary conditions setup, and (b) 
excitations illustrating the scan angle (incidence angle) setup. 
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The frequency domain solver is used to observe the spatial distribution of the 
electromagnetic fields. Gratings based structures exhibit a variety of effects 
such as diffraction, anomalies, and polarization effects which are observed 
when subwavelength gratings are used [233]. The multiple modes generated 
using subwavelength grating based geometry is shown in Figure 5.8. The 
model is solved for six different modes. However, all the modes are not 
propagating. For the proposed structure and dimensions, it is found that only 
the first mode is oscillating of with stronger field strength while the higher 
modes are not propagating. However, the fundamental mode generated in this 
process is the strongest mode and has the same phase velocity with the 
excitation source signal. Scattering of the fundamental modes at the grating 
surface only results in the propagating mode [233]. The propagating mode is 
termed as the plane wave mode while the non-propagating mode is termed as 
the floquet mode. In Figure 5.9, only two modes are shown out of the six 
modes considered in the simulation. As can be seen, the real part (alpha) of the 
propagation constant is zero in the first mode, however, it carries the phase 
constant (beta) value which ensures the propagation for this mode. It further 
shows that the amplitude of SPs is strongest near the sensor interface. In the 
second mode, the phase t of the propagation constant is zero but it contains the 
real part (attenuation) of the propagation constant. Thus, this mode is not 
propagating.            
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Figure 5.8: Schematic representation of multiple modes in a grating based SPR 
system. 
 
    
(a)                                                            (b) 
 
Figure 5.9: Numerical simulations of different modes of surface plasmons: (a) 
first mode (fundamental mode), and (b) second and non-propagating mode. 
 
On the other hand, the diffraction order increases with the increase of grating 
period. As can be seen from Equation 3.55, the diffraction order, m, increases 
with the increase of the grating period keeping all the parameters constant. 
Generally, a zero-order reflection is found when the period is significantly 
smaller than the wavelength (O/P>1). Figure 5.10 shows the absolute electric 
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field distribution for six different modes for an increased grating period of 700 
nm. The real and imaginary parts (alpha and beta) are highlighted using 
underlined font. As can be seen, the first three modes have no attenuation 
constant, however, phase constants are associated with them. Therefore, these 
modes are propagated plane waves. Nevertheless, strong SPs are observed in 
the fundamental mode while the other two modes provide partially transmitted 
and partially reflected of incident waves. The following magnetic field 
distribution in Figure 5.11further ensures that only three propagating modes 
can be found for this particular period of 700 nm. On the other hand, the other 
three modes (mode 4, 5 and 6) have their attenuation constant instead of the 
phase constant of the propagation. Therefore, these modes are not transmitted 
and totally reflected back to the medium of incidence. Thus, it can be said that 
the simulation well agrees with the grating theory as an increase in grating 
period produces higher order diffraction.         
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(a)                                                                (b) 
    
(c)                                                                 (d) 
   
(e)                                                                (f) 
 
Figure 5.10: Absolute electric field distributions solved for six different modes 
for a grating period of 700 nm: (a) first mode, (b) second mode, (c) third mode, 
(d) fourth mode, (e) fifth mode, and (f) sixth mode. 
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(a)                                                              (b) 
 
Figure 5.11: Absolute magnetic field distribution for the GG-SPRB for two 
different grating configurations: (a) rectangular grating, and (b) triangular 
grating. 
 
To monitor the electric field distribution on the three different grating 
geometries, the GG-SPRB is simulated in the field monitoring platform of CST 
Microwave Studio. The simulations consider individual resonance condition by 
setting appropriate incidence angles. Both the directions and magnitudes of the 
fields are shown. As can be seen from Figure 5.12, the electric field is 
concentrated near the grating and the field directions for first and third modes 
are the same, while the second mode is in opposite direction. In addition, the 
spatial distribution of electric significantly spreads into the analyte medium 
above the structure. This is expected since the mode propagates through 
analyte in some certain regions of the periodic structure.  
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contour lines of field                           (a)                     arrow of field 
 
     
contour lines of field                           (b)                     arrow of field 
 
     
contour lines of field                           (c)                     arrow of field 
 
Figure 5.12: Contour plot of the absolute amplitude of the electric field for 
different grating configurations: (a) rectangular, (b) triangular, and (c) 
sinusoidal.  
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For all these three configurations, small transmission and reflection are 
observed meaning that light is not 100% absorbed or scattered. However, 
transmission of light energy is higher for sinusoidal grating than the other two 
grating structures.  
The isolevel distribution of the electric field in Figure 5.13 further shows the 
propagating wave along the line and the proportion of transmitted and reflected 
power. Figure 5.14 shows the transmission, reflection and loss characteristics 
for a rectangular grating based GG-SPRB. It is obvious that before the 
resonance (O< 632.8 nm), the total internal reflection occurs and thus 
transmission is almost zero. Almost 80% (O=300 nm) power is reflected back 
to the medium of incidence. The rest 20% power is absorbed or scattered. At 
the resonance condition, both transmission and reflection power decreases and 
thus most of the power is absorbed or scattered.       
 
   
Figure 5.13: Illustration of isolevel line plot of electric field for three different 
configurations (rectangular, sinusoidal and triangular) in the GG-SPRB.  
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Figure 5.14:  Illustration of transmission, reflection and loss characteristics for 
different wavelengths.  
 
The oscillation of SPs is monitored for various incidence angles. It is shown in  
Figure 5.15 that enhanced plasmons can form only at a particular incidence 
angle (resonance incidence angle) while the other design parameters are kept 
fixed. While at some other incidence angles except the resonance incidence 
angle, most of the power is either reflected or transmitted. Thus, weak 
plasmons are formed when the resonance is established. Additionally, strong 
plasmons also depend on the phase of the incident plane wave. Strong 
plasmons are formed when phase of incident plane wave and plasmons 
matches. Figure 5.16 shows electric field distribution for two phases of 
incident plane wave. It appears that strong plasmons can be generated when the 
phase of the incident plane wave matches with the phase of the oscillating 
plasmon wave.             
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                 (a) resonance                                (b) without resonance  
 
Figure 5.15: Illustration of spatial distribution electric field for two conditions: 
(a) resonance, and (b) no resonance.  
                      
       phase mismatch                                          phase match 
 
Figure 5.16: Absolute electric field amplitude for two different phases of 
incident plane wave. 
 
To monitor the binding event in the GG-SPRB, the field profile is investigated 
before and after the detection of biomolecules. The incidence angle is tuned to 
setup a resonance condition. As can be seen from Figure 5.17, both the 
magnitude and phase of the electric field profile are changed which are easily 
distinguishable. In another study, the distribution of far-field is investigated 
both before and after the detection of biomolecules. Figure 5.18 shows that 
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there is a remarkable change in the far-field characteristics from its reference 
(undetected) when binding occurs in the GG-SPRB. 
   
before detection                                          after detection          
 
Figure 5.17: Illustration of electric field profile for the proposed GG-SPRB in 
before and after detection of biomolecules.                      
   
before detection                                          after detection          
 
Figure 5.18: Illustration of the absolute far-field profile for the proposed GG-
SPRB before and after detection of biomolecules.                       
5.4 Analysis on Peak Based Detection Method  
As a quantitative measure of the sensor performance, detection sensitivity and 
accuracy are considered in the peak based detection method to indicate the 
detection information. Although, the proposed GG-SPRB is investigated for 
three different grating configurations, the GG-SPRB with rectangular grating 
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provides better performance. The reason is that the spectral width produced by 
the GG-SPRB with rectangular grating is smaller compared to its triangular 
and sinusoidal counterpart. This lower spectral width ensures the higher 
detection accuracy in this detection approach. Thus, the following analyses in 
the peak based detection approach are carried out for the rectangular grating 
geometry.         
It was shown in Chapter 4 that the G-SPRB structure improves sensitivity 
while degrades accuracy. However, with the proposed GG-SPRB, both 
sensitivity and accuracy are improved compared with the G-SPRB. Increasing 
sensitivity resulted in a decrease in detection accuracy according to Equation 
3.70 and Equation 3.71. As summarized in Figure 4.25, the modification of the 
G-SPRB to produce the GG-SPRB by incorporating a periodic array of 
subwavelength grating on top of the layer of the graphene sheet has a strong 
tendency to improve the shift of plasmon dip in the optical spectrum. It is 
obvious that the GG-SPRB produces higher shift of plasmon dip (resonance 
peak angle) with narrower width (small 'T1/2). Therefore, it can provide higher 
sensitivity and accuracy at the same time.     
In another study, the shift of the resonance peak angle with the proposed GG-
SPRB is further compared for both the conventional SPRB and the G-SPRB by 
considering the RI of the binding layer which increases in accordance with the 
concentration of target analytes. The summary of the investigation is shown in 
Figure 5.20. The absolute analyte concentration considered in this simulation is 
equivalent to the RI of the resultant hybridization reaction. It appears that the 
GG-SPRB provides a larger shift as compared to both the conventional SPRB 
and the G-SPRB. Furthermore, the simulation results as produced by the FDTD 
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allow us to obtain nearly ideal outputs that closely match the theoretical 
predictions (solid red line).        
 
Figure 5.19: Reflectivity versus incidence angle curve to show the shift in the 
resonance peak angle for the G-SPRB and the GG-SPRB. 
 
 
Figure 5.20: Illustration of the relationship between the shift of resonance 
angle and the RI change for the GG-SPRB during the course of DNA 
hybridization.  
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The shift of resonance peak for the three grating configurations is compared in 
Figure 5.21. It is obvious that both triangular and sinusoidal grating 
configurations in the GG-SPRB produce a slightly higher shift of the resonance 
peak angle. However, accuracy is significantly reduced by these two 
configurations since the resulted SPR curve broadens. It further decreases 
when the resonance peak condition shifted. To establish a relationship between 
the resonance peak angle (Tres) and the SPR width ('T1/2), the resonance 
condition is modified by varying other design parameters (e.g., number 
graphene layer, thickness of biomolecular layer). Calculating 'T1/2 for each 
Tres, Figure 5.22 is plotted for the GG-SPRB with rectangular grating 
configuration. An exponential curve fit is demonstrated. It is shown that the 
relationship between the SPR width and resonance angle is almost exponential.         
 
Figure 5.21: Reflectivity versus incidence angle curve for rectangular, 
triangular and sinusoidal grating configurations in the GG-SPRB. 
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Figure 5.22: Illustration of Δθ1/2 for various resonance incidence angles with 
rectangular grating configurations in the GG-SPRB. 
 
The dependency of 'Tres and SNR for the proposed GG-SPRB is investigated 
for different number of graphene layers. The results of this investigation are 
compared with that of the G-SPRB. Although, improved performance is found 
in terms of the shift of resonance angle for both the G-SPRB and the GG-
SPRB, the GG-SPRB produces lower response compared to the G-SPRB. As 
shown in Figure 5.23, 'Tres increases with the number of graphene layers for 
both the G-SPRB and the GG-SPRB, but it varies slowly for the GG-SPRB 
compared to the G-SPRB. On the other hand, it is shown in Figure 5.23 (b) that 
SNR reduces with the number of graphene layers, however, it reduces slowly 
for the GG-SPRB compared to the G-SPRB. The fact that the GG-SPRB has 
less response with the number of graphene layers compared to the G-SPRB 
because graphene relates directly to the sensing surface in the G-SPRB. 
Therefore, the GG-SPRB can provide a sensitive response to the grating 
geometry. As an example, the dependency of 'Tres is calculated for different 
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VF (VF= wg/P) shown in Figure 5.24.  It is observed that 'Tres initially 
increases and then started to decrease with VF. One reason can cause this 
because of the excitations of multiple modes which arise for higher VF.    
  
Figure 5.23: Demonstration of the shift of resonance angle and SNR as a 
function of the number of graphene layers.  
 
 
Figure 5.24: Demonstration of the shift of resonance angle with volume factor  
for rectangular grating in GG-SPRB.  
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5.5 Analysis on the Proposed S-parameter Based 
Detection Method  
As a quantitative measure of the GG-SPRB performance, the proposed SPDM 
is applied to investigate its design parameters. In order to investigate the S-
parameters, the GG-SPRB is modelled in a two-port network in which the 
input terminal (the medium of incident) is termed Port 1, and the output 
terminal is named Port 2 (analyte medium). The deviations of any S-
parameters along with their phase characteristics resulting from the 
biomolecular interactions onto the sensing surface are considered as a detection 
indication of biomolecules.  
A summary of the investigations of SPDM for the GG-SPRB is shown in 
Figure 5.25. It is obvious that the change of S11-parameter is linear with the RI 
from the DNA hybridization reaction. Importantly, '_S11_ is comparatively 
higher for the GG-SPRB than the G-SPRB meaning that the GG-SPRB can 
produce more sensitivity. 
Since the sensitivity is increased with the GG-SPRB, further investigation is 
required to explore the structural dependence of the GG-SPRB on the 
sensitivity characteristics. In particular, grating period, VF, height, width, 
geometry and grating angle are investigated to obtain the maximum sensitivity. 
Here, VF is used to demonstrate the volume occupied by the subwavelength 
grating which is defined as VF= wg/P.  
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Figure 5.25: Illustration of the change of the magnitude of S11 in response to 
the refractive index change during the course of the DNA hybridization 
reaction in the GG-SPRB. 
5.5.1 Effect of Grating Configurations 
The performance of the GG-SPRB is investigated for three diffrenet types of 
grating configurations. It is shown in Figure 5.26 that the sensitivity 
enhancement factor (SEF) for the rectangular grating configuration in the GG-
SPRB increases slightly faster than the triangular and sinusoidal gratings with 
the increase of RI. It is also noticed that the dependancy of SEF is almost 
similar to a first order exponential function. In addition to the grating 
geometry, the other grating parameters (e.g., grating angle, grating height) also 
have significant effecnt on to the sensor performance which will be discussed 
in the following paragraphs.   
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Figure 5.26: Sensitivity enhancement factor in response to the refractive index 
change during the course of the biomolecular interaction.  
 
5.5.2 Effect of Grating Height 
The effect of grating height on the performance parameter of the GG-SPRB is 
studied to further optimize the device dimensions. hg is varied from 5 nm to 50 
nm and different parameters (e.g., magnetic field, far-field) are observed. As 
shown in Figure 5.27, both the magnetic field distribution and the far-field 
pattern changes on the grating height. In general, if SPs are dominated by SPPs 
in a shallow depth of grating, local field enhancement and sensitivity 
improvement become weak [120]. Besides, if SPPs are dominated by SPs in a 
higher grating height, the resonance characteristics change drastically and may 
even disappear. Therefore, an optimum grating height is required for better 
performance of the GG-SPRB. However, the overall optimum performance 
parameters may depend on other design parameters.          
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        hg = 70 nm                           (a)                      hg = 100 nm                                         
    
        hg = 70 nm                            (b)                      hg = 100 nm                   
 
Figure 5.27: Absolute magnetic field and far-field profile for rectangular 
grating in the GG-SPRB: (a) magnetic field, and (b) far-field 
 
Figure 5.28 shows the investigation of SEF for different grating heights. SEF 
in this case is considered for the magnitude change of two different S-
parameter (S11 and S22). As can be seen from the figure, the maximum SEF for 
the two S-parameters can be obtained in two different hg where SEF from S11 
reaches a maximum of 5.6 at hg = 30 nm, and from S22 attains its maximum of 
4.5 at hg = 48 nm. However, the same value SEF, approximately 4, for both S-
parameters can be obtained at hg =45 nm.      
5.5.3 Effect of Grating Angle 
The concept of grating angle is shown in Figure 4.15. As the grating geometry 
changes with the grating angle, the transmission and reflectance characteristics 
of the GG-SPRB also changes. As can be seen in Figure 5.29, S11 varies with 
grating angle and becomes saturated at around 900 grating angle. Inset shows 
that the maximum change of the S11 parameter occurs at 900. This 900 grating 
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angle indicates that the sides of the grating is perpendicular to the grating base 
and thus producing a rectangular type of grating.      
 
Figure 5.28: Sensitivity enhancement factor distributions in terms of the 
magnitudes of S11 and S11 with grating height varying from 5 nm to 50 nm.  
 
 
Figure 5.29: Illustration of S11 with different values of grating angle. 
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5.5.4 Effect of Grating Period 
The excitations of SPs are strongly influenced by the grating period. With the 
increase of period, a number of damping modes are generated and thus reduced 
the enhancement of SPs. In addition, the coupling between the modes is 
weakened for large grating period and consequently the enhancement of SPs 
become weak. It is shown in Figure 5.30 that the modes increase with the 
increase of period, for example, single mode for P= 200 nm and 250 nm while 
two modes and three modes for P= 350 nm and 500 nm, respectively. In 
addition, it is obvious that the distribution of electric field also decreases with 
the increase of period.  
         
P=200 nm                                       P= 250 nm 
     
P=350 nm                                                       P=500 nm               
 
Figure 5.30: Absolute electric field distribution with two different grating 
periods. 
 
As a performance investigation, SEF is ploted for different values of the grating 
period. As can be seen in Figure 5.31, SEF decreases almost exponentially with 
P. This is because the excitation of SPs are significantly afftected with a 
decrease in P. In addition, a decrease in P can lead to an incresase in the volume 
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of the grating which induces a stronger coupling of SPs. Intensity enhancement 
resulted from a stronger coupling betwwen SPs can assist to enhance the 
sensitivity [120]. Therefore, P needs to be optimized with the other design 
parameters (e.g., hg, VF) to obtain maximum SEF.  
 
Figure 5.31: Sensitivity enhancement factor for different grating period. 
 
5.5.5 Effect of Volume Factor 
The dependancy of VF is investigated to further optimize the structure of the 
proposed GG-SPRB. In fact, VF is defined as VF= wg/P (volume occupided by 
the grating), therefore it is determined by two other factors wg and P. In order to 
demonstrate the effect of VF to the performnace of the GG-SPRB, either of the 
paramaters (e.g., wg and P) need to varied while the other is kept unchanged. 
Since the investigation of P was presenetd in the aforementioned section, the 
varition of VF has been produced keeping P unchanged while varying wg.      
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   VF=0.4                                                  VF=0.5 
    
       VF=0.6                                                 VF=0.8 
 
Figure 5.32: Absolute electric field distribution with VF. 
 
Figure 5.32 shows that the distribution of electric field becomes weaker with the 
increase of VF.  It is also noticed that the distribution of field is concentrated 
around the subwavelength grating for a lower VF. In another investigation of 
SEF in terms of the magnitudes of S11 and S22 as shown Figure 5.33, SEF is 
improved for lower value of VF. However, it starts to decrease with the increase 
of VF. At lower VF, usually SPPs are dominated by SPs which leads to an 
improvent of the sensing characteritics. On the other hand, SEF increases 
slightly for larger VF. This is because smaller grating separtion in a larger 
volume induces stronger interactinnos between SPs [120]. However, this impact 
is comparativly less effective as that of the lower VF values.       
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Figure 5.33: Sensitivity enhancement factor distributions in terms of the 
magnitudes of S11 and S11 with VF ranging from 0.1 to 0.9.  
 
5.6 Discussions 
A computationally efficient method for the periodic array based GG-SPRB was 
presented for the DNA hybridization reactions. The introduction of a graphene 
layer on top of the thin gold film together with the attachment of a periodic 
grating on the graphene layer significantly improved sensitivity (approximately 
10 % compared to G-SPRB). Compared with the conventional SPR biosensor, 
a periodic subwavelength grating on a graphene layer leads to a large SPR 
signal amplification, the result of the excitations and coupling of bulk SPPs and 
LSPs in the dielectric grating. Two detection measurement methods (peak 
based and SPDM) were employed to carry out the investigation of the 
proposed GG-SPRB. Importantly, the performance parameters for these two 
different detection measurement methods may not have similar response to the 
design parameters. For example, the SPR angle shift in the peak based 
detection measurement becomes maximum for a VF at around 0.45 whereas 
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SEP in SPDM is maximum for a VF at around 0.2. Therefore, the optimization 
parameters for these two detection methods may not be similar. Thus, 
optimization of the design parameters is required to separately investigate each 
detection method. In this chapter, the dependency of the structural parameters 
of the GG-SPRB was comprehensively investigated through the proposed 
SPDM.  
It was shown that the proposed GG-SPRB provides the improved sensitivity as 
well as accuracy by 10% and 7%, respectively, compared to the G-SPRB. With 
further increase of the shift of SPR angle, the width of the SPR curve broadens 
which is undesirable in biosensing application since it measures the degree of 
detection accuracy. It has been numerically shown that the dependency of the 
spectral width of the SPR curve is almost exponential with the resonance angle. 
This indicates that, increasing sensitivity through increasing the resonance 
peak angle, the spectral width of the SPR curve will increase exponentially 
with the resonance peak angle. On the other hand, the shift of the resonance 
peak angle increases with the increase of the graphene layers whereas the 
detection accuracy decrease with the number graphene layers for both the G-
SPRB and the GG-SPRB. However, the variation of the number of graphene 
layers is less effective for the GG-SPRB compared to the G-SPRB. One of the 
reasons behind this is due to the direct involvement of the graphene layer in the 
sensing surface of the G-SPRB. The reason is that the special optical properties 
of graphene (e.g., opacity) together with the enhanced electron transportation 
and separation can lead to a direct involvement in the enhancement of 
sensitivity with the G-SPRB. Whereas, the performance of the GG-SPRB is 
dependent more likely on the grating geometry.    
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With regards to SPDM, a comprehensive analysis of the structural dependence 
of the GG-SPRB on the performance analysis has been investigated. 
Substantial variations in sensitivity are found among various considerations of 
the grating geometry. Initially, trends of enhanced sensitivity are observed with 
the GG-SPRB for the increase of RI during the course of DNA hybridization. 
Importantly, SEF for GG-SPRB has higher upward slope than that of G-SPRB. 
Additionally, the impact of different grating configurations on SEF was 
studied. It is found that a rectangular grating geometry in the GG-SPRB 
provides better SEF compared to triangular and sinusoidal grating geometries. 
And, sinusoidal and triangular grating geometries in the GG-SPRB provide 
almost the same response with a slightly better performance of triangular 
grating. Furthermore, it is also found that the change of S11 is higher for 900 
grating angle which again ensures that the geometry needs to be rectangular.            
Furthermore, the performance of the GG-SPRB is enhanced (e.g., SEF of up to 
six) with a proper selection of other important grating dimensions. These are 
grating period, height, and VF. With the variations of these design parameters, 
the spatial distribution of electric, magnetic and far-field is influenced. Thus, 
the performance parameters are also affected by a change of these parameters. 
It is demonstrated that SEF is significantly low for a lower value of grating 
height. Increasing of hg leads to an increase of SEF. However, SEF again 
decreases after a certain hg. Our investigation reveals that grating height is 
required to be kept moderate (e.g., in the order of grating width) to obtain 
maximum SEF.  
With regard to our investigation of grating period, it is found that multiple SP 
modes are generated with a larger grating period. Because a number of 
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damping modes are associated with a larger grating period, enhancement of the 
SPR signal is reduced. Therefore, SEF decreases with the increase of period. 
This trend of SEF change due to the grating period is found to be exponential, 
which is established numerically. Thus, the period of grating is required to be 
kept smaller to obtain maximum sensitivity while maintaining the other 
parameters optimum. In addition to grating period, the performance of the GG-
SPRB is also influenced by VF. Since VF is related to two other parameters (P 
and wg), a performance investigation of the GG-SPRB is required for each 
parameter separately (P or wg) to produce the variation of VF. At a smaller VF 
(around 0.1 and 0.2), SPPs are dominated by SPs and therefore higher SEFs are 
found for smaller VFs. While SEF decreases for moderate values of VF, it 
again increases for higher value (around 0.7). A summary of these 
investigations along with the optimized grating structures is shown in Table 
2.3. As can be seen from the table that the highest SEF of up to six can be 
obtained with the optimized grating geometry as: P= 150 nm, VF= 0.2, and hg 
= 30 nm.    
Table 5.1. Summary of the performance analysis and optimization calculation 
for the proposed multilayer GG-SPRB. 
Volume factor, VF Period, P (nm) Height, hg (nm) 
SEF 
Measurement methods 
Peak based SPDM 
0.3 150 25 2.25 3 
0.2 150  30 4.5 6 
0.25 150 35 3.75 5 
 
Sensitivity improvement in most of biosensors including SPR is extremely 
important and has long plagued to monitor the detection performance on a 
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competitive basis to other detection platforms. Since a larger number of 
structural parameters are involved in the design of the GG-SPRB, a clear 
understanding of the structural dependence is required to design an effective 
GG-SPRB. The study carried out throughout this chapter gives quantitative 
insight into the dependence of the performance parameters of SPDM on the 
device dimensions.       
5.7 Summary 
This chapter presented the design of a multilayer GG-SPRB together with 
theoretically and computationally developed frameworks for analysis of its 
performance. A comprehensive numerical analysis was carried out to 
investigate the effect of the design parameters including the number of 
graphene layers, grating configurations, grating height, grating angle, VF and 
grating period on the performance of the GG-SPRB. It was demonstrated that 
the proposed GG-SPRB provides better performance in terms of both 
sensitivity and detection accuracy by 10% and 7%, respectively, compared to 
the G-SPRB. From the comprehensive optimization analysis demonstrated in 
this chapter, one may acquire quantitative insight into the dependence of SEF 
on the geometrical parameters of the subwavelength grating based the GG-
SPRB. It was found that a periodic grating of comparatively narrow width, 
lower VF, lower period, and moderate depth can lead to a higher SEF. In 
Chapter 6, the validity of our modelling and simulation will be discussed.
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6 Discussions 
In times of growing product complexity, fabrication and visualization 
difficulties, especially due to their nano-sized structure, shapes and scales, 
there is an increasing demand to model the devices more realistically. 
Modelling and simulation practices can be essential for understanding the 
interaction of parts of a system, and the system as a whole. Modelling and 
simulation practices can produce approximation of the exact solutions without 
building prototypes of the system. In addition, they can investigate variants of 
a design within a short time interval and a certain accuracy level, and decide 
the feasibility of the design.  
The FDTD and the FEM methods had been employed to carry out analysis of a 
model. Both the FDTD and the FEM are powerful and widely adopted 
numerical computational techniques employed in the research environment for 
a wide variety of applications covering many different areas such as 
electromagnetic scattering, photonic device modelling, periodic structures, and 
optical gratings [272-277]. However, the FDTD method offers advantages over 
the FEM including robustness and ease of implementation, support for lossy, 
non-linear and anisotropic media and broader range of direct applicability. In 
addition, it provides direct solution to Maxwell’s equations and thus performs 
simulation of electromagnetic devices for all range of frequencies from 
microwave to optical regime. The FDTD and the FEM methods have been 
successfully validated both theoretically and experimentally to describe 
different nanostructures [116, 278-281].    
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Kopyt and Celuch-Marcysiak [282] applied the FDTD method in microwave 
applications. They successfully validated the results of the FDTD analysis with 
the experiment and found that the computation accuracy was significantly high 
to ensure a good agreement with experimental measurements. Couture et al. 
[283] demonstrated that the FDTD method investigated the plasmonic modes 
in gold nanohole arrays, and found an excellent agreement of the FDTD results 
with the experimental results. In another study, Jung [284] fabricated a 
plasmonic biosensor using non-spherical metal nanoparticles. Jung employed 
the FDTD simulation to demonstrate the local refractive index (RI) sensitivity 
and other characteristics of the sensor (e.g., characterize the role of individual 
nanoparticle), and established good agreement with the experimental results. In 
addition, the FDTD method was used in many other papers published in 
reputable journals, to model and optimise nanophotonic devices [285-287]. 
CST Microwave Studio was used to implement the FDTD and the FEM based 
analysis of the models (e.g., conventional SPRB, G-SPRB and GG-SPRB) 
described in this thesis. CST Microwave Studio is a leading research and 
commercial tool for fast and accurate modelling and simulation of concepts in 
various application areas such as planar and multilayer structures, SPR, and 
couplers. CST Microwave Studio is the culmination of many years research 
and development and thus produces highly accurate results [253]. It is 
extremely reliable and robust and thus established applicability and validity at 
the heart to the development and manufacturing processes. It empowers 
researchers and commercial designers with leading nanophotonic design tools 
that demonstrate the applicability and acceptability all over the world for real-
world applications.  
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Researchers across the world have published many articles either in scientific 
journals or in conference proceedings, and whose numerical results obtained 
through simulation using CST Microwave Studio were closely matched with 
the experimental results. Among many of published articles that address the 
verification of results obtained through simulation using CST Microwave 
Studio, some of the recent and promising validated reports can be found in 
[288-295]. The results have been successfully tested against well-established 
theories (e.g., Mie theory, Fresnel reflection theory). For example, Oubre and 
Nordlander [296] found very close match of their simulated outcomes to both 
Johnson and Christy [297] bulk dielectric data and Mie theory. In another study 
demonstrated by CST's own simulation experts [298], the results CST’s SPR 
simulation were in excellent agreement with Fresnel’s reflection theory. De 
Paula et al. [299] successfully validated their simulation results using CST 
Microwave Studio with the experimentally measured results. Most recently in 
2012, Edwards and Engheta [300] found in their study that the simulation 
results using this package were in excellent agreement with the experimentally 
measured data. They have demonstrated that the calculated data (e.g., electric 
field magnitude, phase, and propagation constants) were closely matched to 
their experiments. In fact, this was a very good justification of CST’s 
simulation results that match with the real-time experimental results.   
In addition to the published articles that verified the validity of CST’s 
simulation results, authors also consider verification by modelling an exact 
same device which was implemented and investigated experimentally. We 
have modelled and implemented the localized SPRB of Zhu and Fu [301] using 
CST Microwave Studio. The modelled structure utilized hybrid gold–silver 
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triangular nanoparticles to form a localized SPRB. The device was used to 
detect protein A and was demonstrated experimentally demonstrated. The 
cross-section view and 3-D model of the structure developed in this thesis is 
shown in Figure 6.1. The hybrid structure of the triangular nanoparticle was 
constructed by depositing gold thin film on top of the silver nanoparticles 
supported by a glass substrate.  The dimensions chosen include the height of 
gold and silver nanoparticles as 5 nm and 50 nm, respectively. Also, in-plane 
widths of each nanoparticle were 100 nm, and the period of the nanoparticle 
array was 400 nm.         
 
(a)                                                   (b) 
 
Figure 6.1: (a) Cross-section view of a single hybrid gold–silver triangular 
nanoparticle, and (b) 3-D geometrical model of gold–silver triangular 
nanostructures.  Adopted from [301, 302].      
 
We have modelled and implemented the same structure as shown in the figure 
with exactly same dimensions. A schematic of the 3-D simulation volume is 
shown in Figure 6.2. The model consists of an array of unit cell of the gold–
silver triangular nanostructures which is periodically repeated to an infinite 
extent in x-y plane. The RI of gold and silver nanoparticles are assigned using 
the Drude model. The RIs of the sounding mediums are considered as 1.0 and 
1.3352. The structure is meshed using hexahedral mesh. The schematic of the 
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boundary setup along with the visualization of the model is shown in Figure 
6.3.  
  
(a)                                                              (b) 
 
(c)                                                              (d) 
 
Figure 6.2: A schematic of a unit cell of the simulated SPRB for the hybrid 
gold–silver triangular nanoparticles: (a) hybrid gold–silver triangular 
nanoparticles, (b) silver only nanoparticles, (c) localized SPRB using hybrid 
gold–silver triangular nanoparticles, and (d) mesh view of the implemented 
localized SPRB.   
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front view                                        side view 
 
Figure 6.3: Illustration of the boundary setup through the visualization of the 
hybrid gold–silver triangular nanoparticles based on localized SPRB of Zhu 
and Fu [301].   
Zhu and Fu [301] in their study had investigated extinction efficiency as a 
detection parameter. The simulation is also used to calculate the extinction 
efficiency. The computational results using CST Microwave Studio are shown 
in Figure 6.4 and Figure 6.5. Figure 6.4 shows a comparison of the 
experimental data with simulation data as well as the theoretically obtained 
data for the hybrid gold–silver triangular nanoparticles based localized SPRB. 
Whereas, Figure 6.5 shows a comparison of the experimental result against our 
simulation results for silver only nanoparticles.       
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(a) 
 
 
(b) 
 
Figure 6.4: Comparisons of the experimental results of the hybrid gold–silver 
triangular nanoparticles based localized SPRB of Zhu and Fu [301] with our 
simulation and the theory: (a) experimental result of Zhu and Fu [301], and (b) 
comparisons of experimental results from (a) with theory and simulation.   
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From Figure 6.4 and Figure 6.5, it can be seen that simulation results show 
very good agreement with the experimental data reported in ref. [301]. The 
simulated curves are nearly identical to the experimental data. However, 
negligible disagreements were found in both of the simulated curves. The 
minor disagreements between the results of our simulation and the experiment 
are due to a variety of factors relating to both the simulation and experimental 
procedures. For example, we have considered the RI of gold and silver using 
the Drude model. However, there are few other models (e.g., Debye first order 
and Lorentz) to calculate the RI of dispersive materials (e.g., gold and silver). 
Any differences in the actual material’s RI and the values used in the 
simulation can cause the deviation of the simulated outcomes. In addition, 
manufacturing imperfections in the device fabrication can produce 
disagreement between the simulated and experimental results. Moreover, the 
simulated results can be more accurate using higher density meshes.       
Thus, the results obtained from the simulation strongly demonstrate a good 
match with the experimental results. As a consequence, we believe that the 
validity of   our modelling and simulation procedure based on CST Microwave 
Studio is confirmed. As such, most of the achievements reported in recent 
articles in this area are implemented using modelling and simulation. Because 
of the lack of fabrication facilities and time limit, the authors were unable to 
implement the prototype device as implemented by modelling and simulation. 
Moreover, etching of a single molecular layer of graphene sheet and 
transferring it to the gold thin film were found to be challenging.        
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Figure 6.5: Comparisons of experimental and simulation results for silver only 
nanoparticles of Zhu and Fu [301].   
 
In this thesis, a comprehensive numerical analysis was carried out to 
investigate the effect of the design parameters on the performance of the G-
SPRB and the GG-SPRB. It was observed that the resonance condition is 
significantly affected by the introduction of the graphene layer. Enhanced 
sensitivity (approximately 20%) and improved adsorption efficiency 
(approximately 5% for bilayer graphene sheet) were obtained for the G-SPRB 
in comparison with its conventional counterpart; however, detection accuracy 
under the same resonance condition was reduced by 7.4%. The sensitivity can 
be further boosted by increasing the number of graphene layers and RI of the 
biomolecule. On the other hand, the modification of the G-SPRB to produce 
the GG-SPRB improved both sensitivity and accuracy by 10% and 7%, 
respectively, compared to the G-SPRB. Importantly, it was found that 
increasing the number of graphene layers in the GG-SPRB had less significant 
effect to the performance than in the G-SPRB. Instead, the performance of the 
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GG-SPRB is more dependent on the grating geometry since the spatial electric 
field distribution is affected by the grating geometry.    
In addition, the use of the S-parameter based detection measurement (SPDM) 
resulted in an enhancement of sensitivity performance reading for both the G-
SPRB and the GG-SPRB. It was found that the shift of S11 at the saturation of 
the DNA hybridization reaction for the G-SPRB was almost three times higher 
than that of the conventional SPRB, whereas with the peak based detection 
measurement, the shift of resonance peak angle at the saturation of the DNA 
hybridization reaction for the G-SPRB was about two times higher than that of 
the conventional SPRB. A summary of the performance analysis of the G-
SPRB and the GG-SPRB based on the two detection measurements (peak 
based and SPDM) at the saturation of DNA hybridization reaction is presented 
in Table 6.1. Noticeably, the shift of S11 is around 1.26 times higher for the 
GG-SPRB compared to the G-SPRB.        
It is shown in Table 6.1 that the SPDM provides enhanced sensitive detection 
both for the G-SPRB and the GG-SPRB. The shift of the resonance peak angle 
for GG-SPRB is 130 which is almost three times compared to the conventional 
SPRB (4.40). On the other hand, shift of the S-parameter for GG-SPRB 
counterpart is 0.38 which is almost four times compared to the conventional 
SPRB (0.1). Therefore, the enhancement of the shift of S-parameter in SPDM 
increases around 30% compared to their peak based measurement approach. In 
addition, as discussed in Chapter 5 in Table 5.1, SEF of up to 6 can be obtained 
with the SPDM and 4.5 with peak based detection measurement approach. This 
clearly indicates the improvement of SEF while measuring with the proposed 
SPDM measurement approach compared to the peak based approach. 
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Importantly, measuring S-parameters is not required to locate the position of 
plasmon dip correctly as like the peak based detection measurement. 
Therefore, it can tackle the shortcomings of degraded accuracy in peak based 
detection measurement.         
Regarding the measurement of S-parameter, we have to first consider the 
formulation that relates the S-parameter as described in Chapter 3. As can be 
seen that the S-parameters are related to the reflected and transmitted power at 
different port (Port 1 and Port 2), therefore the corresponding optical power is 
required to calculate. With this purpose, the optical signal can be converted to 
electrical signal using optical detector (e.g., CCD). However, S-parameter can 
also be measured using a vector voltmeter which displays quantities in terms of 
magnitude and phase. In addition, SPDM detection principle can be physically 
built for the analysis of the multilayer SPRBs as an extension of this work.   
Table 6.1. Summary of performance analysis and comparison of the proposed 
multilayer SPRBs. 
Biosensors 
Measurement methods  Enhancement of 'Tres and ' S11 
Peak based,  
shift of Tres, deg 
SPDM, shift of S11 'Tres 'S11 
Conventional SPRB 4.4 0.1 na na 
G-SPRB 10 0.3 2 3 
GG-SPRB 13 0.38 2.95 3.8 
 
Since the SPDM provided better performance improvement, a comprehensive 
analysis of the structural dependence of the GG-SPRB on the performance 
analysis was investigated. Substantial variations in sensitivity were found 
among various considerations of grating geometry. It was observed that the 
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sensitivity enhancement factor (SEF) was decreased with the increase of the 
grating period. With the increase in the grating period, a large number of 
damping modes were generated which could lead to a degradation of the local 
field enhancement and thus the sensitivity. Similar to the grating period, the 
effect of volume factor (VF) plays a pivotal role in the performance of the GG-
SPRB. Higher SEF values were found for smaller VF values (e.g., 0.2) whereas 
the value of SEF decreases for moderate values of VF (e.g., 0.3 to 0.65). Since, 
the performance of the GG-SPRB is significantly affected by the grating 
geometry, an optimization of these geometry is required which was discussed 
in Chapter 5. It was found that the SEF values of up to six could be achieved 
for the optimized grating geometry (VF=0.2, hg = 30 nm and P= 150). Based 
on the investigations carried throughout the thesis, an efficient design 
procedure is proposed here as shown in Figure 6.6. The procedure identifies 
proper design parameters for multilayer SPR biosensors.  
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SPR Biosensor
Conventional SPRB GG-SPRB
Performance Parameters
Sensitivity Adsorption Efficiency Detection Accuracy
Improvement Factors
Peak based approach:
(i) Graphene-on-gold
(ii) Operate comparatively at shorter
wavelength
(iii) Liquid interface (e.g., water)
(iv) Increase prism angle
(v) Triangular prism
(vi) Increase the thickness of target
biomolecule
(vi) GG-SPRB
SPDM:
(i) Rectangular grating based GG-SPRB
(ii) Smaller P and VF and moderate hg
Improvement Factors
(i) G-SPRB
Improvement Factors
Peak base:
(i) Conventional SPR biosensor
(e.g., Au, Ag, Cu)
(ii) Operate comparatively at longer
wavelength
(iii) Air interface
(iv) Decrease prism angle
(v) Halfcylinder/Hemisphere prism
(vi) G-SPRB
Trade-off
GG-SPRB with optimized grating geometry
G-SPRB
 
Figure 6.6: Illustration of an efficient design procedure to identify proper 
design parameters for multilayer SPR biosensors.  
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7.1 Summary and Conclusions 
Surface plasmon resonance has emerged as a powerful label-free analysis 
technique for rapid and real-time detection of biomolecules. Improvement of 
detection sensitivity and accuracy is extremely important in SPRBs. The focus 
of this thesis was to improve the sensitivity and accuracy of SPRBs. To 
improve sensitivity and accuracy, a multilayer G-SPRB and a multilayer GG-
SPRB were developed. The analysis of the G-SPRB the GG-SPRB was given 
through comprehensive modelling and simulation exercises using the FDTD 
and the FEM methods.  
It was demonstrated that the introduction of a graphene layer on top of the gold 
thin film in Kretschmann configuration improved the sensitivity. The stronger 
adsorption of biomolecules on the graphene sheet, and impermeable properties 
of graphene lead to sensitivity enhancement. In addition, graphene has high 
mobility and electrical conductivity which can be further improved by 
incorporation into various host materials (e.g., after doping, the carrier density of 
holes increases). Moreover, graphene shows tunable bandgap and ultra-low noise. 
The performance of the G-SPRB is influenced by a number of factors including 
different coated metal thin films, thickness of the graphene layer, prism angle 
and geometry, operating wavelength, interface medium, and thickness of the 
target biomolecular layer. Improvement of sensitivity for G-SPRB was found 
with gold metal thin film, liquid interface, increased thickness of the 
biomolecular layer, and operating at shorter wavelength (visible light). Curve 
fitting was used to establish the relationship between the performance 
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parameters and design parameters. For example, an exponential relationship 
between the shift of resonance peak angle and the operating wavelength was 
numerically established whereas a quadratic relationship was established 
between the shift of resonance peak and the thickness of the biomolecular 
layer. The established relationships among the performance parameters and 
design parameters followed the theoretical findings as well. For instance, a 
linear relationship was found between the prism angle and the shift of 
resonance peak which had a good agreement with the theory of optics.  
Although the G-SPRB improved sensitivity, however, it was noticed that 
accuracy was decreased under the same resonance condition. Due to a lower 
accuracy in the G-SPRB, the GG-SPRB was proposed which could improve 
sensitivity and accuracy at the same time. A set of numerical analysis was 
carried out to investigate the improvement of the performance parameters with 
respect to: (i) grating configuration, (ii) grating period, (iii) grating height, (iv) 
grating angle, (iv) volume factor, and (v) thickness of target biomolecular 
layer.       
In addition to the frequently used peak based detection measurement, a S-
parameter based detection measurement (SPDM) was proposed which includes 
both magnitude and phase measurement of S-parameters. The SPDM improves 
the sensitivity of both the G-SPRB and the GG-SPRB. For instance, it was 
demonstrated that the shift of S11 at the saturation of DNA hybridization 
reaction for the G-SPRB was almost three times higher than that of 
conventional SPRB. Whereas, it was almost four times for the GG-SPRB. 
However, theses readings using the peak based approach (shift of resonance 
peak) were approximately two and three times higher for the G-SPRB and the 
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GG-SPRB, respectively. In regards to the analysis of the GG-SPRB using the 
SPDM, a comprehensive analysis was carried out to obtain a maximum SEF.  
It was observed that SEF of up to six could be achieved for the optimized 
grating geometry (VF=0.2, hg = 30 nm and P= 150).  
Furthermore, it was concluded that the simulation results obtained using the 
FEM and the FDTD through CST Microwave Studio agreed with the 
experimental solutions. Following the validation of the simulated results, it was 
possible to obtain an optimization of nanophotonic devices without 
implementing the prototype device. From the application point of view, it is 
believed that the developed model is deemed as a decent starting point for 
research and development on the G-SPRB and the GG-SPRB.   
7.2 Recommendations for Future Work 
The thesis presented two different multilayer SPRBs (G-SPRB and GG-SPRB) 
along with the SPDM. During the evaluation and assessment of the 
performance of the G-SPRB and the GG-SPRB, some improvement areas have 
been identified. 
Fabricating and experimentally testing the developed multilayer SPRBs will be 
carried out in our future work. In addition, other simulation methods (e.g., 
rigorous coupled wave analysis) can be employed. These can improve the 
confidence levels for the design. Besides, new materials such as hybrid gold-
silver nanoparticles can be investigated.  
The SPDM detection principle can be physically built for the analysis of the 
multilayer SPRBs. Although measuring the phase of S-parameter is 
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challenging, the work can be extended to develop a phase based detection 
scheme which may produce higher sensitivity of detection.     
Finally, there are several other ideas by which the work can be further 
extended. They involve investigating of other suitable means of the 
amplifications of surface plasmon, investigating for other optical parameters 
for the detection measurement which can be measured (e.g., extinction 
efficiency), investigation of detection of other biomolecules (bacterial 
pathogens or viruses).  
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